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Most of the manufacturing processes for solid mater- 
ials are accomplished by either plastic deformation or fractur 
of work materials in a controlled manner. Hi^er productivity 
and improved machinabili ty can be achieved by reducing the 
resistance to deformation or fracture of work materials. In 
the past it has been attempted by heating the work material 
but such technique lead to undesirable permanent changes in 
the material properties. The present work is a beginning of 
the search to find out the feasibility of developing methods 
to reduce the material’s resistance to deformation or fracture 
without causing any permanent change in the work material. 



On. a microscopic scale, the mechanical properties of 
a solid material, in general, are determined by the strength 
of the interatomic bends and the defects in its crystal struc- 
ture (mainly dislocations). Intuitively it is felt that the 
application of a suitable electrostatic field mi^t affect 
both the strength of bonds and the dislocations dynamics 
leading to a reduction in the resistance to deformation and 
fracture of a material- 

The present work is concerned with the study of the 
effect of an applied electrostatic field cm the bond strength 
and some mechanical properties of a few solid materials. The 
study is concluded with the investigation of the effect of a 
field on ultrasonic machining of ^ass. Broadly, the work is 
divided into three sections. 

The first section deals with the experimental investi- 
gations of the effect of an electrostatic field on tensile 
rupture strength of two types of materials, conductors and 
dielectrics. Bor this purpose, tensile rupture tests are 
performed on thin specimens of Al-foLl, aluminised mylar and 
macrofol (both polymers), with and without a field* The field 
is produced by using an arrangement similar to a parallel plate 
capacitor which is connected across a high voltage d.c, supply. 
The dielectric specimen is tested by placing it between Ihe 
plates of the capacitor- The Al-foil specimen, on the other 
hand, acts during the test as a plate of the capacitor connec- 
ted to a high potential d.c. supply. It is found that the 



effect of electrostatic field on tensile rupture strength 
of Al-foils is insignificant but it is quite significant in 
case of dielectric specimens* The rupture strengths of mylar 
and macrofol specimens are reduced by about 10-15 percent in 
the presence of a field depending on the intensity of the 
applied field. The effect increases with the intensity of 
the field. However, in the present work very hi^ intensity 
fields could not be used because of other limitations. 

Apart from these rupture tests, a few tests are perform- 
ed on the wear characteristics of macrofol specimens in rubb- 
ing contact with a rotating mild steelj' disc, both with and 
without a field. However, the results do not show any conclu- 
sive evidence of the effect of field on the rate of wear of 
the macrofol specimens. 

The second section deals with the theoretical study of 
the effect of an electrostatic, field on bond strengths of the 
simplest molecules and cohesive or binding energies of simple 
malhematical models of solids, both dielectric aid metallic. 

In the case of the simplest molecule, i.e, a hydrogen-ion 
like molecule, the bending is covalent. The basis of corslent 
banding is the redistribution of the atomic charge density 
due to the outermost electrais to produce the overlap charge 
which is a measure of the strength of binding. Using LCAO 
(linear combination of atomic orbitals) approach, the problem 
is dealt at microscopic level by finding the effect of an 
external electrostatic field m the bond strength of the 



simplest molectjle -* a hydrogen mclecular~i on ). The 

presence of sn external field distorts the individual atomic 
orbitals of the binding electrons. This distortion and its 
effect on the overlap charge is calculated. It is sho-wn that 
the overlap charge always decreases in the presence of a 
field for all interatomic separations, clearly indicating a 
reduction in bend strength. 

The Same idea is, then, extended to covalently bended 
solids. Since atoms are bended two by two in these solids, 
it is argued that the above conclusions also hold for simple 
models of such solids. Considering a cne-dimensi onal linear 
chain model of a covalently bended solid, its binding energy 
is Calculated. The effect of an external electrostatic field, 
(simulated by a chain of charges kept at a distance from the 
molecular chain) cn the binding energy of th.e linear chain 
is analysed. It shows -that the bond strength is reduced in 
the presence of a field. 

Lastly, the effect of an external electrostatic charge 
distribution cn the binding forces in a linear, cne-dimensi onal 
metallic chain is studied. The screened electren-i cn and 
icn-ion potentials are calculated taking into account the 
dielectric constant of the electron gas. The binding energy 
of the linear chain without and in the presence of a chain of 
charges is calculated and it is found that the effect of the 
presence of charges cn the binding energy is insignificant. 
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The last secticaa deals with the study of the effect 
of an. applied electrostatic field cn ultrascnic machining 
of glass. Cylindrical cavities are machined in ^ass speci- 
mens (approx.. 1.5 nun thick) both without and with an electro- 
static field. It is found that the time required for a depth 
of cut as small as 0..015** is reduced by about 10-20)^ in 
the presence of a field and the effect varies with the inten- 
sity of the applied field.. Also, the tool penetration rate 
increases with the penetration of the tool into the workpiece. 
The experiments are repeated a large number cf times and 
using the analysis of variance technique, the observed data 
are analysed to show that the change in the rate of machining 
in the two cases i* not due to chance but due to the presence 
of the field. 



CHiJPTER 1 


IKTRODUCTiCK 
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1,1 Introduce on 

The basic objective of all conventional and unconven- 
tional machining processes is the removal of excess material 
from the workpiece in a controlled manner. The process of 
machining, like many other technological processes involvea 
platic deformation and/or fracture failure of materials. Due 
to the everincr easing demand for inproved maohinabllity aid 
higher productivity, there has been continuous effort by the 
research workers to ease tbe removal of material. The problem 
has become more acute with the development of hi^ strength 
and temperature-resistant materials which are being used in 
space, nuclear and other modern technologies. Quite often 
such new materials possess extremely low machin ability and 
pose critical problems in their machining, M ore C3v«r, diffi- 
culties in machining are encountered often due to extreme 
dimensional tolerances, complicated and miniaturised geometry 
of workpiece. As a result, a host of new technological 
processes have been developed during the past few decades 
under the common heading ‘'New Technology,'* 

To obtain hi^er productivity with improved machlna- 
tllity, one of liie possibilities is the reduction of the 
resistance to deformation of work-materials. Therefore, an 
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extensive research has been conducted in the field of hot 
machining ri“3]. The introduction of such techniques in 
conventional machining operations is advantageous to some 
extent. However, their applicaticn is limited due to the 
fact that heating of wOrk-material is generally accompanied 
by certain permanent changes in material properties. Apart 
from this, such heating of work-material may not be feasible 
in many cases where an unc onventi onal method, for example, 
ultras ctiic machining has to be used. Moreover, application 
of such heating techniques may not be desirable when work- 
dimensi(»is are very small. 

Most of the unconventional machining processes are 
characteristically very slow. The overall production time 
of con^jcnents which require the application of such slow 
processes, depends mainly on the time consumed by these 
processes, ITherefore, a sigiificant reduction in machining 
time can be achieved by accelerating these slow processes. 
Thougjb, research efforts are directed at developing and 
improving new technological processes, not much attention 
has been paid to improve the productivity by controlling 
the properties of work-materials. The present work is a 
beginning of the search to find out the feasibility of develop- 
ing methods to reduce the resistance to deformation or frac- 
ture of work-materials without causing any permanent damage 
to them. 
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Since the honding in a solid arises from attractive 
interactions between atoms which cause a decrease in the 
aggregate free energy of valence electrons, it is intuitiv^y 
felt that the application of a suitable electrostatic field 
mi^t Cause a decrease in the bonding forces. If so, the 
strength or the resistance to deformation and fracture of 
the solid should decrease as it depends qq the strength of 
the bonds. Further, the straigth of a solid also depends on 
the defects present in its crystal structure and their dynamic 
characteristics. Therefore, some change in the strength of 
a solid is also possible due to a change in -die defect dyna- 
mics caused by an external electrostatic field. 

1.2 Review of Previous Work 

r f i '1 Min » t 

The effect of steady, external magnetic fields on the 
mechanical properties of ferromagnetic materials has been 
investigated in the past [4-7]. It has been reported that 
certain types of dislocation mobilities are very sensitively 
dependent on the presence of an external magnetic field. These 
discloation mobilities control mainly the rate processes and 
therefore, the rates of wear, creep etc. are significaitly 
enhanced. However, the phenomenon is not of much use for 
application in machining (iterations as the stroigth of work 
materials during direct plastic deformation remains unaffected. 
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The effects of high current density pulses cn plastic 
deformation and creqp of metal single crystals and polycrystals 
have also "been reported [8-11], This ph^aomaion, commctily 
described as electroplastic effect,*' leads to a reduction 
in flow stress. The effect has been usefully applied to wire 
drawing and rolling of very hard and tou^ materials like 
titanium, tungsten, molybdenum and their alloys etc* [12-15t 
42]. 

The effects of electric fields cm heat transfer and 
combustion [14] » surface tension [15], bubble deformation 
[16] and liquid jets [17] etc. have been investigated- It 
is reported that the presence of an electric field promotes 
combustion of liquid fuels, enhances vaporization of a liquid 
and improves the rate of heat traisfer [14], etc. Further, 
the electrostatic fields have been commercially exploited in 
the form of electrostatic precipitation and separation, 
^ectrostatic imaging, electrostatic coating, electrography 
and n*n-impact printing etc. [18]. Thou^ studies cn the 
effect of electrostatic fields in the above areas have been 
conducted, the author has yet to come across any work concern- 
ing Ihe influence of an electrostatic field on the bond 
strengths and mechanical properties of solid materials. There- 
foiv, , it is logical to assume that no or very little work 
has been done wiih the aim to improve the productivity of 
c (siv enti onal and unconventional machining operations by 
applying electrostatic fields. 



5 


1,3 Objective and Scope of present Work 

The present work is aimed at conducting theoretical 
and esp'erimental investigations cn the effect of m electro- 
static field cn interatomic bonding forces and mechanical 
strength of solid materials. Furthermore, some investigations 
are carried out to explore the feasibility of practical appli- 
cation of this effect in the machining of solid materials. 

Theoretical analysis is to be conducted to find out 
the effect of an electrostatic field cn bond strengths of 
metals and dielectric materials. It is to be noted that 
thecnretical analysis for actual polycrystalline or amorphous 
materials is too complicated to be taken up in this work. 
However, ©lou^ indications regarding the effect of electro- 
static fields on sdids can be obtained by studying diatomic 
molecules and linear atomic chains. 

The experimoital work is proposed to be divided into 
mainly two groups. The objective of the first group of 
experiments is to find out the effect, if any, of an electro 
static field on some selected mechanical properties of a few 
materials. For the purpose of investigati cns, the tensile 
rupture strength of a material is found to be a suitable 
mechanical property as it is directly related to the strength 
of interatomic bonds. To achieve enou^ intensity of electro- 
static field with a voltage source of limited capacity, speci- 
mens to be tested are taken in the form of very thin ^eets 
and foils etc. 
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The objective of the other group of ezperimeaits is to 
apply this principle to a suitable machining operation and 
investigate the possibility of any resulting improvement. 

It has already been menticned that there exist a few processes 
which are characteristically very slow and ultrasonic machin- 
ing eperation is one of them. Inspite of its inherent low 
material removal rate, the process is fairly useful in machin- 
ing eleotriclly ncn-conducting materials with low machin ability. 
Therefore, it is felt that if the application of an electro- 
static field shows some improvement in the productivity of 
such operations, future intensive research work mi^t lead 
t# a successful developmoat of the electrostatically enhanced 
ultrasonic machining operations. Therefore a few pilot tests 
are to be conducted to investigate the effect of an electro- 
statio field on ultrasonic machining of ^ass 

The theoretical study is ab-initio and based on very 
simple models. The idea is not of an exact, exhaustive study 
of a real material but the beginning of an understanding of 
what the effects of such a field may be, as deduced from very 
simple but non-trivial models. The scope of the experiments 
to be conducted is also quite limited. The hardware develop- 
moat necesssjry for carrying out sophisticated and extensive 
experimental work of this nature is quite elaborate and has 
not been attempted because of the limited availability of 
time. Moreover, since necessary precautionary arrangaments 
Cannot be developed and fabricated within the short peri od of 



time availaliLe, experiments using very high voltages are 
ruled out. This restriction obviously limits the magtiitude 
of any effect due to the presence of an electrostatic field. 

1 1 is possibly because of this reason that some of the experi- 
mental observations do not show any effect at all, maJcLng it 
difficult to draw any definite conclusions. Thus, the present 
work is more or less a feasibility study which lays the 
foundation for further research in this area. From the point 
of view of application to manufacturing processes, the idea 
appears to be q^uite promising. 



CHAPTER 2 


IN TER- ATOMIC BONDS MD MBCHiOJICAL PROPERTIES 

Any study of the "behaviour of engineering materials 
must necessarily begin with an understanding of how the 
material is ccaistituted from its fundamental units - the 
atoms. To begin wilii., one should know hOw the atoms are 
bonded to one another and what is the nature and origin of 
these bonds. Only then, it would be possible to understand 
the microscopic structure of engineering materials and their 
mechanical behaviour like deformation and fracture under the 
action of external influences. 


2. 1 Bind ing in ergy 

The origin of bonding lies in the fact that a system 
of neutral atoms can rearrange their outer-most electrons 
among themselves so as to lower their aggregate free energy. 
In order to see what happens when two atoms are brought 
together in close proximity, let at first two atoms in their 
ground states, infinitely far apart be considered. The 
potential energy of interaction at the beginning, therefore, 
is zero, since potential energy is inversely proportional to 
some power of the distance of separation. Assuming that the 
atans ccaisist of moving electrical charges, either they will 
attract or repel mutually as they approach each other. The 
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potential energy due to the attraction is negative, since 
the atoms do the work of attraction. The repulsive energy 
is positive because external work must be dene to bring two 
such atoms together and it is also inversely proportional 
to some power of the distance of separation of these atoms. 
The total potential energy is then the sum of two such 
terms. 


U 



( 2 . 1 ) 


where a and p are the proportionality constants for attrac- 
tion and repulsion, respectively. Figure 2.1(a) shows a 
plot of Eq. (2.1). The dashed lines show the repulsive and 
attractive terms and the solid curve the total potential 
energy. 

The forces of interaction can be derived directly from 
Eq»(2.1) as the force is the derivative of potential energy. 
Thus, 


dU __ ^na 

dr ~ " 'n+l ^ ^m+l 
r r 


( 2 . 2 ) 


The form of Bq, (2.2) is similar to that of Bq. (2«l) and 
so is the resultant plot of force as a function of separa- 
tion shown in Fig. 2.1(b). 
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At large distances, the two atoms axe attracted by weak 
electrostatic forces. As they approach each other, the 
attractive forces increase, and become appreciaHe vdien the 
atoms are separated by only a few atomic diajaeters. These 
forces are essentially due to the attraction between opposite 
charges of these two atoms. Simultaneously, the repulsive 
forces between the like charges of the nuclei, however, 
start to assert themselves althou^ somewhat more slowly. 

At some separation, called the equilibrium separation, r , 
the forces of attrantion are equal to the forces of repul- 
sion, and the potential energy is at a minimum. As the atoms 
try to move closer than this equilibrium separatlofri.^ the repulsive 
forces increase more rapidly than the attractive forces and 
a great deal of work must be done to accomplish such a move- 
ment, as Can be seen from the rapid increase in the potential 
energy. The equilibrium separation, r^, and the corresp ending 
mini iB“um potential energy, represent the bond length and 

bond energy, respectively. 

2. 2 Atomic Bonds 


The atoms in a solid are held together by chemical 
bonds arising from net attractive interacticn between two 
atoms. The bonds car be divided into three general types ; 

(i) ionic or electrostatic bonds 

(ii) covalent bonds, and 

(iii) metallic bonds. 
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2.2,1 lonic^ Bond 

The ionic bond arises from electrostatic attraction 
between the oppositely charged ions. These ions result from 
transfer of one or more electrons from an electropositive 
atom to an electronegative atom, so that positive and nega- 
tive ions are formed. When atoms of two different elements 
react ch®nically to form a compound, the atoms tend to attain 
the electronic configuration of an inert gsus, i.e. ei^t 
electrons in their outer shell. Thus atoms of metallic el e- 
moits that have only upto three valency electrons in their 
outer shell will lose their electrons and become positive 
ions or cations, whereas electronegative elements tend to 
acquire additional electrons to complete their octet and 
become negative ions, or anions. The binding energy for an 
ionic pair, say for can be estimated from Eq, (2,1). 

For ionic bonds, n=l and since both ions have the same 
electric charge (e«|ual to the charge of an electron, 

®1 “ ^ 2 ~ attractive energy term is written as the 

Coulomb electrostatic attraction in the following form : 


U 


attr. 


r 



( 2 . 5 ) 


The exponent m in the repulsive energy term, p /r°^, is called 
the Bom exponent and can be estimated for specific electro- 
nic configurations of the ions. Thus, the net interact! cai 
energy of the ion pair (NaCl) is given by 
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U 




( 2 . 4 ) 


Considering the formation of ionic bonds in case of 
neutral atoms (e.g. of sodium and chlorine), the net energy 
necessary for the formation of the corresp ending ions Na'*’ 
and Cl”’ is equal to the difference between the ionization 
energy of the sodium atom and the electron affinity of 
the chlorine atom, The resulting binding energy 

between the two ions is given by 


U 




+ ( I 


N a 


EAqi ) 




+ AE 


( 2 . 5 ) 


Since the electrostatic attraction between the oppositely 
charged ions acts in all directions, the ionic bend is non- 
directional. Thus the ions are free to take up any relative 
positions liiat are convenient and as many negative ions can 
be attracted by a positive ion as geometric configuraticn 
and the need for preserving electrical neutrality in the 
solid permit. This accounts for the fact that ionic boads 
result in the formation of a three-dimensional giant aggre- 
gate in which all units are joined by strong ionic bonds, 
forming the solid. However, for determining the cohesive 
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energy of the ionic solid, it is necessary to consider the 
effect of the other nei ^touring ions in the crystal in 
addition to the electrostatic attraction between the two 
ions with opposite charges. In order to account for many 
interactions between ions in ionic crystals, a. constant, M, 
called the Madelung Constant is introduced in the coulombic 
attraction term, so that the Eq. (2.4) takes the following 
modified form : 


U 



(2.5) 


The Madelung constant depends on the type of the struc- 
ture of the ionic sdid, the charge of the ions, and their 
relative sizes which, in turn, control their geometric 
arrangement in the solid. 

2.2.2 Covalent Bend 

- A - I i 

Covalent bonding is basically a two- atom bonding, 
where eutermost loosely bound electrons are shared between 
similar atoms, thus, lowering the total energy. The electrons 
participating in the b<aid are contributed by both atoms as, 
for example, in a hydrogen molecule ( 2 ^ 2 )^ • 

H. + *H = H* H 

^ , V _ »* I VI _ - jr - H -- jr_ - I - > nr 

^ The symbols . and indicate electrons. 
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A covalent bend forms when the half- filled atomic 
orbitals of two atoms overlap and the outermost valence 
electrons can be shared by these atoms. When the two elec- 
trens have oppositely directed spins, this sharing leads 
to an increased density of the ^ectron cloud between the 
atoms holding then together. When the spins are parallel, 
however, the atoms repel each other and no bonding takes 
place. 

Ihe covalent bond lies in the direction in which the 
orbitals are concentrated in order to achieve the maximum 
overlap. 


2. 2. Metallic Bond 

The valency or conduction electrons in a metal lie 
much further out from the core of the atom than those in 
non-metals. Being subjected to the attraction of the posi- 
tive charges of nei^bouring nuclei, the valency electrons 
pass easily to regions remote from their par«it atoms. 
Consequently, the valency electrons in metals are never 
permanently associated with any particular atom but flow 
freely in a random manner and form a ”free- electron gas" . 
The typical metallic bond is a many-body effect and can be 
regarded as an assemblage of positive ion cores immersed in 
a *’gas’’ of free- electrons. The bonding results from the 
indirect attractive interaction betwe^ ion— cores via this 
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valency electrcn cloud. (The free mCbility of the electron 
’’gas'' accounts for the high riectrical and thermal ccnducti- 
vltiee of metals, as well as for their lustre. Furthermore, 
the metallic hand is non-specific and non-direoti onal. This 
leads to hi^ly coordinated close-packed structures, account- 
ing for the unique plastic properties of metals and for their 
ability to form alloys. 

In general, the fewer valency electrons an atom has 
and the more loosely "tiiey are held, the more metallic is the 
bending. 

In addition, there are weaker secondary bonds 
ori^nating from dipole-interactions. There is, however, a 
competition between these various bondings resulting, often, 
in a COTpromise for greater stability. Hhis is knO'wn as 
resonating bonding, 

2.2.4 Packing of atOTs in Solids 

The local arrangement of atoms in a solid is usually 
regular and nredictahLe even though the long range structure 
may be either regular (crystalline as in metals) or irregular 
(amorphous as in passes and many pol 3 fmers). The arrangement 
depends partly cxi idiether the bonding is directicnal or non- 
directional. If the bonding is directional, the local atomic 
arrangement is determined by the bond an^es. If the bonding 
is ncaa-directicnal, the arrangement depends on the relative 



17 


sizes of the atoms. In metals, the bond is non- directional 
and, therefore, each atom tries to surround itself by as 
many other a,toms as possible. This results in close- packed 
structures like f.c.c, , h.c.p or b. c.c. 

2.3 Bending and Mechanical Behavior 

, k _ r M^x*rv — 


In general, the physical and mechanical properties 
of solid materials are related to their crystal structures 
and the strength of inter-atomic bonds. For example, the 
behavior of metals having hi^ mechanical strength properties 
(e.g. Cr, Ni) is attributable to the very strong inter-atomic 
bonds which can be broken and formed only by the expenditure 
of substantial amounts of energy. Ccnsequently hard and 
strong metals are characterized by a hi^ modulus of elasticity, 
hi^. yield and fracture stresses. Their physical proper- 
ties are also affected by the strong atomic bonds, therefore, 
they have hi^ melting, boiling and recrystallizaticn tempera- 
tures and high surface energies. However, soft metals (e.g. 

Pb, In) have weak atomic bonds and, therefore, exhibit low 
strength and have low melting and boiling points. 

The mechanical properties of a material determine 
its mechanical behavior. In the study of mechanical behavior 
of materials, the processes of deforaation and fracture are 
of fundamental importance and are discussed briefly in the 
following pages. 
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2.-3 •*! Pefor^aticn 

Most of the solid materi^s change in shape, volume 
or both under the influence of applied stresses. !Ehe applied 
stresses are transmitted throu^ a solid by way of inter- 
atomic forces or internal stresses, which, as a natural result 
of bonding, arise concurrently with inter-p article-distance^ 
changes or bond-an^ e-changes. Thus, stress induced change 
in shape or volume of a solid is simply a macroscopic mani- 
festation of changes in bond-lengths or in bond an^es 
between atoms, ions or molecules in the solid. The deforma- 
ticn is called elastic if the change is completely recovered 
C3I1 the removal of stresses. On the other hand, permanent 
deformation is due to flow, a process of shear in which 
particles in a substance change neither s -^dthout any volume 
change. Interatomic and intermolecular forces and structure 
play an important role in both elastic and permanent defor- 
matiens, althou^ the former are much less significant in 
flow than they are in elastic behavior. 

The permanent defoimation may take place due to 
either plastic flow, as in case of crystalline solids, or 
viscous flow as in case of non-crystalline substances. 

Plastic flow involves the sliding of atomic planes relative 
to caae another in a crystallographically organised fashicn. 

It has been established frean numerous studies of crystal 
plasticity in mineral crystals that crystal structure tends 



19 


to le preserved during a plastic change of shape [19]. 

This fact is consistent with energy minimization principle 
since crystalline fcarm is the minimum energy state for an 
aggregate of atoms. The fact that plastic flow does not 
destroy the crystal structure severely limits the number of 
ways in which the deformation can occur. Actually there 
are only two modes of deformation that completely conserve 
a crystal's structure and these are translation and t«tn- 
gliding [19] . 

Translation- gliding or slip is the most important 
mechanism of plastic deformation and causes the plane of 
atoms to ^ide over cne another as shown in Pig. 2.2(a) by 
the motion of dislocations. Thus, cne part of the crystal 
slides or translates over the rest. Such translations 
always restore the pattern, but out of the large number of 
geometrically possible translations in a given structure, 
only those that have a kinetically favorable mechanism 
actually take place when a stress is applied. That is -shy 
slip occurs over specific crystallographic planes in definite 
crystallographic directions. Usually slip occurs most easily 
on the most densely packed planes in a close-packed direction 
for a ^ven crystal structure. The nmber of slip systems 
in a crystal is the number of possible combinations of slip 
planes and slip directions. 
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The large number of slip systems ( 12) for most 

metals is responsible for the extensive plastic flow or 
ductility of metals. The ease with which dislocaticnB in 
metals move readily at small applied stress levels arises 
due to the fact that atomic bonds are not broken in this 
process. However, the inherent resistance to motion of 
dislocations originates from the unfavorable atcanic ccnfi- 
guraticns and bond stretching concurrent with any motion, 
Accordin^y, the critical resolved shear stress, required 
to initiate slip in a sin^e crystal, depends directly on 
the type of crystal structure and the nature of chemical 
bonds. 

In contrast to metals, ionic and covalent engineer- 
ing solids are normally brittle at room temperature. This 
is not due to inherently greater bend strenglhs or due to 
a lack of dislocations; rather, these materials have fewer 
active slip systems which can not accomodate significant 
plastic flow. 

The second mechanism of plastic def ormati cai, which 
is important in some materials, is deformation twinning. 
Twinning is the process in which the atoms in a part of a 
crystal, subjected to stresses, rearrange themselves so 
that <aie part of the crystal becomes a mirror image of the 
other part as shown in Pig. 2.2(b). Every plane of atoms 
shifts in the same direction by an amount proportional to 
its distance from the twinning plane. Twinning, usually 
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its distance from the twining plane. Twinning, usually 
requires a hi^er shear stress than slip, and it is relati- 
vely insigiificant in many plastic deformations. However, 
whenever the possible slip systems are cctisiderahly limited, 
as in the case of metals having h.c.p. structure, twinni»g 
becomes an important mode of deformation. It frequently 
occurs in b.c.c. and h.c.p. structures. 

2.3.2 Fracture, 

Fracture is separation of a body, caused by applied 
forces, into two or more parts resulting in the creation of 
new surfaces. There are many mechanisms leading to fracture, 
depending cn the nature of the material, the nature of the 
applied stress, temperature conditions, strain-rates, and 
other environmental factors. But, usually, fracture is 
characterized as either brittle or ductile and can be consi- 
dered to consist of two phases - crack initiaticn and crack 
propagation. A ductile fracture is characterized by appre- 
ciable plastic deformation prior to and during the slow 
propagation of a crack which is formed as a result of forma- 
tion and cyf)elescence of voids. Ductile fracture occurs 
when the stress applied to a specimen exceeds the strength 
of inter-atomic forces holding its atoms together. Brittle 
fracture is characterized by a rapid rate of crack propaga- 
tion, with no gross deformation and very little micro- 
deformation. It occurs if the ccmponent of stress normal 
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to the slip plane exceeds the bonding strength before the 
critical resolved shear stress is reached. 


(a) Mechan^s^ of duciile fractwe 


A ductile fracture under tensile stress, in general, 
involves three successive events. First, the specimen necks, 
cavities form in the necked regLoji, and join together. Second, 
a Cavity eventually becomes large enough to spread fairly 
rapidly in the transverse direction. Finally this crack 
spreads to the surface following a direction inclined at 
about 45° to the tensile axis. The result is the familiar 
'•cup and cone’’ fracture of moderately ductile metals. 

It has been reported [20] that during tensile loading, 
the shear deformation creates flaws which the tensile stress 
h^ps to Open; that is, the tensile stress exerts a direct- 
ing influence on the shear deformation, causing the cavities 
to ©alarge and, thus, producing a crack, if^hen a crack is 
present in a material, the stress close to the crack, 
is greater than the average tensile stress, o, applied to the 
material. Mathematically, local stress ahead of a sharp, 
central crack of length 2a, in an elastic material is given 

fey [a] 


= 0(1 + V 1= ) 


^local 


( 2 . 6 ) 
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where, r is radius vector measured from crack tip along 
crack-azis as shown in Pig. 2.5. The closer one approaches 
to the tip of the crack (r decreasing), the hi^er the local 
stress becomes, until at seme distance, r , from the tip of 
the crack, -the stress reaches the yield stress, c , of the 

V 

material, and plastic flow occurs. 

The distance r can be calculated by set-ting 
‘^local ~ ^y Eq‘(2.6). Assuming that r^ ^ a. 


r 


y 



V 

21 . 


(2.7) 


where, K = oVica. K is called the stress intensi-ty factor 
and represents the loading condition. The crack propagates 
when K = (the critical value of K which is a property of 
the material) and then the width of the plastic zcaie is given 
by 



It is clear that the size of the plastic zcne shrinks 
rapidly as o increases, i.e. , cracks in soft ductile metals 
have a large plastic zone and cracks in hard ceramics have 
a small zoie, or nesae at all. 
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Most metals, efvea when nominally pure, ecu tain tiny 
inclusions (or particles) of chemical compounds formed hy 
reaction between the metal and impurity atoms. Within the 
plastic zone, plastic flow takes place around these inclu- / 
sims, leading to elongated cavities, as shown in Fig. 2.3* 

As plastic flow progresses, these cavities link up, and the 
crack advances by means of this ductile tearing. The plastic 
flow at the crack tip naturally turns initially a sharp 
crack into a blunt crack, decreasing Ihe decrease 

(in ®’3^Qcal^ such that is still sufficient to keep 

the plastic deformation of the wcxrk-hardened material in the 
region near the crack tip, going [21]. 

An important aspect of crack growth by ductile tearing 
is that it consumes a lot of energy in plasiic flowj the 
bigger the plastic zaae, the more energy is absorbed. This 
is the reason for ductile metals being so tou^. 

(b) Mechanism of ^brittle fracture, 


The characteristic feature of brittle fracture is 
that little or no plastic deformation takes place during the 
spread of a crack. This is evidoat from the fracture surfaces 
of a ceramic or ^ass wliich, on examination, are found to be 
featureless, flat surfaces. Whoa a brittle material contain- 
ing a crack is subjected to a tensile loading, the local 
stress ahead of the crack tip, ^ven by Eq. (2.6) can approach 
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very hi^ values near to the crack tip provided that blunt- 
ing of sharp crack tip does not occur. In amorphous materials 
like ceramics and glasses which have very hi^ yi^d strengths, 
very little plastic deformation takes place at crack tips and, 
thus, the chances of crack blunting are very small. Even 
allowing for a small degree of crack blunting, the local 
stress at the crack tip is still in excess of the ideal 
strffligth and is, thus, large enough to literally break apart 
the local inter-atonic bonds as shown in Pig, 2.4} the crack 
then spreads between a pair of atomic planes giving rise to 
an atomically flat surface by cleavage [21], !Ehe energy 
required to simply break the inter-atomic bonds is much less 
than that absorbed in ductile tearing of a tough material » 
and this is why materials like ceramics and glasses are so 
brittle. However, these materials possess a critical normal 
fracture stress several order of tnde less than the 

theoretical cohesive material strength, suggesting that the 
existence of dislocaticns also plays a paj?t in the failure 
of these materials. 

Dislocaticn movement is greatly hampered in bid.ttle 
materials by their types of in ter- atomic bonding. The 
metallic bonds permit the ion-cores to arrange themselves 
in various close-packed arrays, but as their structures 
change, the partially covalent natures of these bends increase. 
They becesae relatively restricted in space, requiring much 
larger forces to disrupt them than the ncaa- oriented bonds do. 
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The dislocations vAiich are present, even in completely 
covalent mate7:‘iaLs such as diamond, are, therefore, severely 
constrained in their mohility, The application of external 

stress fields to such covalently banded materials tends to 
produce microcracks, rather than induce slip in their struc- 
tures, VHien a sufficient number of these microcracks develop, 
or when they exceed a certain critical size, they will propa- 
gate throu^ the crystal, causing brittle cleavage along the 
cleavage plane. 

2.3-3 Other _Aspeots of Mechanical, Behavior 

In addition to deformation and fracture, there are 
other phenomena irtiich are important in the study of mechani- 
cal behavior of solids. The phenomena of friction, wear and 
fatigue are well known and have been studied extensively. 

They are discussed here very briefly. 

(a) Pric1i,^an 

Prictional behavior is attributed to the possible 
adhesion between plastically deforming asperities at the 
interfacial contact under the application of normal loads; 
followed by shearing of the cold-welded junctions -vdien 
tangential motion is exerted. On the basis of experimeital 
evidence, it has been reported that friction d^ends on the 
strength of inter-atondc bonds and displays aperiodic 
Variation relative to the atomic number in a manner analogous 
to that of other properties [22]. 
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(b) Wear 

Wear occurs as a natural consequence when two 
s.urfaces with a relative motion interact with each other. 

It can be defined as **the debris of material produced as 
a result of repeated disturbances of the frictional bonds’’. 
Wear may occur due to adhesion, abrasion, diffusion, and 
corrosion etc. It depends on the strength of inter-atomic 
bonds as strong and hard materials wear less in ccsrtpariscn 
to weak and soft ones. 

(c) Fatigue 

Fatigue is a manifestation of a cumulative process 
leading to progressive fracture under cyclic loading. The 
stress level required to cause fatigue failure is much less 
than that required for static failure. The mechanism of 
fatigue is based cn the initiation and propagation of a crack. 
The fatigue failure of ductile metals is considered as a 
consequence of slip in certain local regions of a crystal, 
where the limiting lattice strains are exceeded resulting in 
rupture of atomic bends and thus, causing discontinuities 
in the lattice. 


2.3*4 Strength 

A solid is characterised by its resistance to 
deformaticn that is its strength. The ’’strength’’ of a 
solid represents the following three characteristics : 
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(i) Its resiliance, or elasticity, when subjected to 
transient forces*, 

(ii) Its resistance to flow i.e. the resistance to a 
permanent change in shape under the action of a 
sustained force ; 

(iii) Its resistance to fracture or crack propagatioti. 

Thus, strength depends on the collective response of a 
solid to applied stresses, in other words, it depoids on the 
behavior of aggregates of particles (elasticity) , surfaces 
composed of particles (fracture) , or lines of particles (flow 
via dislocation) and not simply the behavior of sin^e parti- 
cles [19]. 

The large variation in the resistance to plastic 
deformation of solids is a consequence of the dislocation 
mechanism of the flow process. The resdstance to plastic flow 
depends on 

(i) the strength of chemical bonds that exist between 
adjacent atoms in the structure, 

(ii) the atomic pattern or crystal structure, because the 
ease with which dislocations move throu^ a crystal 
is sensitive to the periodicity of the pattem, and 
the in^urities present. 


(iii) 
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Crystals that are not pure are, usually, much more resistant 
to deformation than those that are pure. This results from 
disturbance of the periodic crystal structure by the impuri- 
ties and from local bonds that arise between impurities and 
their nei^bors. 



CHAPTIH 3 


EFFECT OF M EXTERNAL ELECTROSTATIC .FIELD ON MBCHiNICAL 
PRQFERTI..BS -..EXPERIMENTAL INYESH GATIONS 

3.1 Interaction of an Applied Field with a Material 

A material placed in an electric field, as betweoi the 
plates of a capacitor, interacts with the field throng the 
displacement of charged particles within the material* If 
the material is a conductor, some of the free electrons 
simply move to the side nearest the positive electrode until 
they completely counteract the applied field. Thus no field 
is left within the material. The shift occurs almost instan- 
taneously, bringing about equilibrium. 

If the material is a dielectric, it polarizes under the 
influence of a field. The polarizaticn, like elasticity. Owes 
its origin to the existence and stability of atomic and mole- 
cular forces. It varies linearly with the applied field for 
most dielectric materials and is caused by the following 
factors : 

(a) The displacements of electric charges with respect to 
each other which induce dipoles in the material. The 
displacements are reversible. 
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(b) Interaction betweai the applied field and the periBanent 
dipoles present in the material. An electric fi d-d acts 
to align a permanait electric dipole in the direction 
of the field. 

The displacements of electric charges or dipoles 
activate restoring forces which either do work, releasing 
electrical energy or resist the displacements causing the 
external forces to do work on Ihe system and, thereby, storing 
electrical energy. It should be noted that the forces that come 
into play due to an applied electric field are weak compared 
to the atomic forces. They are in fact so weak that the 
displacements produced by these forces are q.\iite small com- 
pared to the radius of the molecule. 

Depending on the origin of the restoring forces 
acting on the charges, the polarization, can be divided into 
electronic, ionic and orientation compcaaeats. Electronic 
polarization arises because the center of the electronic 
charge cloud around a nucleus is displaced under the action 
of an applied electric field, creating a small induced dipole 
as shown in Dig, 3.1(a). Ionic poLarizati on occurs in ionic 
materials because an applied field acts to displace cations in 
the direction of the field and anions in & direction opposite 
to the field, giving rise to a net dipole mcHnent per cation - 
anion pair as shown in Fig. 3-1 (b). Both the electronic and 
ionic polarizations essentially proceed in an instantaneous. 
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Formation of induced electronic 
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fairly elastic manner, without dissipation of energy in the 
form of heat. 

Orientation polarization occurs in substances composed 
of molecules that have permanent electric dipole mcments, 
for example polar polymers and glass. These permanent dipoles 
tend to become aligned with an applied field as shown in Pig. 
3.1(c), but the randomizing effect of thermal agitaticn 
(entropy effects) tend to neutralise this. However, permanent 
dipole moments are, in general, much larger than induced dipole 
moments and therefore have a greater polarizing effect when 
fully oriented. The orientation polarization builds up and 
decays slowly with the dissipation of energy in the form of 
heat [23]. 

Conductors of electricity do not exhibit a dielectric 
behaviour, because the displacement of charges in the conduc- 
tor is not accompanied by any restoring forces. 

The common origin of dielectric polarization and elastic 
deformation accounts for the weak interaction or coupling 
existing between these two properties which gives rise to the 
phenomena of electrostricticn and piezoelectricity. Electro- 
stricticn is a deformation caused by the shift of electron 
clouds or nuclei in an electric field and is common to all 
dielectric solids. It is a one-sides effect, i.e. , polari- 
zation deforms a dielectric solid, hut, deformaticn of a, 
dielectric material does not cause its polarization [24]. 



3.2 in a Par^lel-Plate Capacitor 

During the experimental study of the influence of an 
electrostatic field on some mechanical properties of a few 
materials, the field is produced by using an arrangemait 
similar to a parallel plate capacitor shown in Pig. 3.2. 

When a voltage is impressed across the plates of the capacitor, 
one plate becomes charged positively and the other negatively. 
The field between the plates is uniform and directed from the 
positive to the negative plate and its intensity is given by 

E = T (3.1) 

where, V is the applied voltage across the plates, and 
1 is the distance separating the plates. 

The space between the plates is filled with a dielectric 
material of thiolmess 1. The magnitude cf charge per unit 
area on either plate, called the electric displacement, D, 
is directly proportional to -the field, i.e., 

D = sE (5,2) 

where, D is electric displacement in C/m^ 

E is in V /m 

e is a constant, called permittivity of the dielectric 
material placed between the- plates. 
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The electric displacement, D, can also be represented 
as the sum of two components as follows: 

D = Dq + P (3.3) 

where, is electric displacement if the plates are separa- 
ted by a vacuum, and 

P is an electric displacement proportional to the 
polarizaticn of dielectric material between the 
plates. 


Thus, 


D = eE 


^0 ^ 


= e^E + P 


(3-4) 


where, is permittivity of vacuum (= 8.854x10*"^^ C/V.m,) 


The relative permittivity or dielectric constant, is a 
property of the dielectric material and is defined as 


S = r 


D. 


= 1 + 


D. 


and is always greater than unity. 



38 


It is clear from Eq. (3.1) that for a ^ven applied 
voltage, the smaller the thickness of dielectric material 
introduced between the plates, the hi^er the electric 
field strength. The maximum field strength is detertnined 
by the dielectric strength. Thus, by using sufficiently 
small thicknesses of dielectric material between the plates 
of the capacitor, very hi^ intensities of the electric 
field can be obtained. 

3.3 Experimental Investigations 

r* r -■ J. r A- - r - - < _ II 

lEhe objective of the experimental study, as explained 
earlier, is to find out the effect of an electrostatic field 
on some mechanical properties of a few materials. The mechani- 
cal property chosen for experimental investigations should be 
directly related to the strength of interatomic bonds. Since, 
the interatomic bonds are broken across the fracture surface 
during a tensile rupture, the tensile rupture strength is 
found suitable for the purpose of experimental investigations- 
The effect of field is investigated on both conductors and 
dielectrics. Further, a few simple tests are carried out to 
determine the effect of an electrostatic field caa the wear 
of a dielectric material. 
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3.3«1 Tensile Rupture Test 

ft nji t tt - Ik.* 

When a specimen is subjected to a tensile loading, 
it ultimately breaks into two or more pieces. The force 
required to fracture the specimen depends mainly on the 
strength of inter-atomic bonds as the bonds are ruptured 
during fracture. It is, therefore, possible to determine 
qualitatively the effect of an electrostatic field cti bond 
strengths by comparing the tensile rupture strengths mea- 
sured without and in the presence of a field. 

The tensile rupture tests are ccnducted cn the 
follovdng materials during the present investigations: 

(i) Aluminium foil, 10 mm wide, 10 and 20 micron thick. 

Such thin foils of aluminium are used to detect 
the effect, if any, of a surface charge distribution 
on i ts strength. 

(ii) Aluminised mylar, 10 rm wide and 20 mLcron thick. 

Mylar is polyethylene terephthalate, also known as 
melinex or terylene. It is a polyester material. Its 
dielectric constant is approximately 3.0 and has a 
dielectric strength of about 200 V/micron. 

One of its surface is coated vdth aluminium to 
make that surface conducting giving rise to the name 
aluminised mylar. 
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(iii) Macrofol film, 10 nm wide and 20 micron thick. 

It is a film of a polymer known as p olycarhonate. 
(a) Experimental Procedure 

IThe toasile rupture tests are performed on an 
Instron Machine (Model TT-CM-L). Ihe machine can he opera- 
ted at various cross-head speeds te obtain different rates 
•f straining, A load cell of 0-50 Eg. range is used during 
the tests to measure the tensile load on the test specimen 
which is held in insulated grips of the machine. A trace 
of the load versus cross-head displacement is recorded on 
the chart moving at a constant speed during the tests. To 
test the specimens of conductor and dielectric materials in 
the presence of an external electric field, the arrangements 
for producing the fid.d are made as follows : 

(i) Arrangement for specimoas of Al-fcil 

\k f-trr- itk 1 M rrvr h. ^ \ i ji _ 

In case of Al-foil test specimens, the ^ectiic 
charges are distributed over their surfaces by using an 
arrangement similar to a parallel plate capacitor as shown 
in Pig. 3»3. The test specimen acts as one of the plates 
of the capacitor and is connected to either terminal of a 
hi^ potential d.c. supply (Cencomade). 

The actual arrangement used duiing the tests is 


shown in Pig. 3*4 and the materials required for it are given. 
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(a) Side view (b) Front view 

PIG. 3.4 ARRANGEMENT FOR APPLYING FIELD 

TO aluminium-poil test specimens 

1 — Test specimen (conductor) 2 — PVG sheet 
3 - Capacitor plates (Al-foil) 4^ Perspex sheet 
5 - Insulated ^ips 6 - Rubber bands 

A-Microammeter S-High potential D.C, supply 
R-^esistanoe (0.3 megaobms) 



42 


in Table 3»1» Ibe Al-foil strip with a side projection 
(for ma^ng electrical connections) is pasted on the perspex 
piece by an adhesive and then the piece of PVC sheet is 
pasted over this Al-foil strip to cover it. Two pieces of 
perspex are prepared like this and allowed to set and dry 
for some time. The specimen to be tested is cut from a 
sheet of Al-foil and arranged between the two perspex pieces 
symmetrically as shown in Pig. 5»4(a). Rubber bands are put 
around this assembly to hold it which is now mounted on the 
Instron Machine by gripping the projecting ends of the test 
specim^ in insulated grips. V/hether the field is applied or 
not, all the specimens are tested in the same fashion 'so that 
as far as possible, the tests are performed under identical 
c mdi ti oris . 

To distribute an electrostatic charge (positive in this 
case) cn the surface of the test specimen, the specimen is 
connected to the positive terminal of the hi^ potentid. d,c. 
supply. The connection is made through a 0, 3 mega-c^ms 
resistance and an ammeter (0-100 pA range). The other ter- 
minal of the supply is connected to the outer plates of the 
capacitor as shown in Pig, 3»4(a). The d,c, supply is ccnnec 
ted throu^ a 115 V transformer to the 230 V mains. 

The charge per unit area, D, on Al-foil test specimens 
is approximately glvei by 
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Table 3«1 : Materials required for tensile rupture tests. 

Material Size Numbers 

1. Perspex sheet 58 aini x 18 mro x 25 mm 2 

2. Al-foil strips 54 mm x 16 mm x 0,04 mm 2 

■with side 

proj ecti ons 

3. P.V.C. sheet 60 mm x 22 mm x 0.125 mm 2 

4. Al-foil test 80 mm X 10 mm X 0,01 mm 50 

specimens 

80mmxl0mmx0,02mm 40 

5. Macrofol test 80 mm x 10 mm x 0,0 2 mm 100 

sp ecimens 

6. Aluminised mylar 80 mm x 10 mm x 0,02 mm 80 

specimens 
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D = eE = j C/m^ 

■with 

= 8,854 X 10“^^ C/V.m. for vacuum 

^ 3.5 for EVC sheet at low frequencies 

1 = 0.125 X 10~^ m (= the thickness of PVC sheet) 

D comes out to be approximately 2,45 x 10*”'^ Y C /m^ 
Therefore, with Y =r 1000 volts, D ^ 2.45x10“"^ C/m^. 

(ii) Arrangement for specimens of aluminised mylar 

The tensile rupture tests cn aluminised mylar 
specimens are conducted by arranging them as shown in Eig. 

3, 5(b) -where one of the PYC sheets is removed and the 
conducting surface of mylar specimen is placed in contact 
with the Al-foil fixed to the perspex piece, 

(iii) ^rangement for specimens of macrof_^_ ^4.1™ 

The macrofol test specimens are placed between the 
plates of a parallel plate capacitor according to three 
different schemes as follows ; 
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I . The test specimen is placed symmetrically as before 
but now the plates of the capacitor are connected to 
different terminals of the d.c. supply as shown in 
Pig. 5.5(a). In this case, the thickness of the di- 
electric material separating the plates of the capacitor, 
1, is ^ven by 

1 = thickness of two PVC sheets+thickness of macrofol 

specimen 

= 2(0.125) + 0.02 = 0 . 27 mm 

Therefore, electric field strength, E = 

0.27 


= 5.7V volts /mm. 

II. The test specimen is placed as in (a) above but cne of 
theP.V.C. sheet piece is removed so that the test 
specimen is now, in an asymmetric position with respect 
to the parallel plates of the capacitor. The plates of 
the capacitor are connected to the supply as shown in 
K-g. 5.5(b). The electric field strength, in this case, 
is given by 

® = 0 ( 0 . 12 /+ 0.02) = volts/mm. 

III. In this arrangement, the second PVC sheet is also 
removed so that the test specimen is now, directly 
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I- Symmetric II- Asymmetric III -Synane trie 

ITG, 3,5 ARRANGEMEOT POE APPLYING FIELD TO MACROFOL TEST SPECIMENS 

1 — Test specimen 2 — PVC Sheet 

3 - Capacitor plates 4 Perspex sheet 

(Al-foil) 

5 — Insulated grips 6 — Euhber hands 

A - Microammeter S - Hi^ potential D.C. supply 

E - Eesistence (0*3 megaobms) 
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placed 'between the plates of the capacitor as shown in 
Fig. 3.5(c). 

Ihe electric field strength, in this case, is '^ven 

ty 

E = o'^'02 ~ 50 ¥ volts/mm. 

This arrangement is not very suitable for conducting tensile 
rupture tests with a field because, on loading the specimens, 
it is found, sometimes, that sparking occurs across the 
narrow gap ( '2r0.02 mm) between the capacitor plates which 
are ccnnected to a high voltage supply. The sparking may 
cause the deposition of electric charges on the surface of 
dielectric specimen which distorts the ^ectric field in the 
material, making the field non-uniform. Therefore, the 
observations in this case may not give a true indication of 
the effect of field on rupture strength, 

(b) Results and Discussions 

After mounting the test specimen in the grips of 
the Instron machine, a suitable cross-head speed is selected 
for loading the specimen. The chart on which load- displacement 
curve is to be recorded is switched cn. If the specimen is 
to "be tested in the presence of a field, the d.c. supply is 
also switched on. As the machine is started, the specimen 
is loaded gradually at a constant rate. Simultaneously, the 
load-displacement curve is recorded on Ihe chart. The machine 
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is stopped after the specimen fractures and the load at 
fracture (in number of divisions of chart) is read from the 
chart. The observations are shown in Tables 3. 2 to 3,4. 

The results shown in Table 3* 2 indicate the effect of electro- 
static charge accumulation on the rupture strengths of Al- 
foils. Results are given for both positive and negative 
charge distributions and they clearly indicate that there 
is no significant effect of external charges on rupture 
strength of the foils. Most probably -the effect of the charge 
distribution is nullified by the conduction electron clouds. 

Table 3.3 shows the rupture strengths of aluminised 
mylar specimens without and in the presence of an electro- 
static field. To get a qualitative idea about the effect of 
an electrostatic field, experiments are conducted with only 
one intensi ty of the field. In spite of some scatter in the 
rupture load, it is quite clear that rupture strength decrea- 
ses in the presence of the field. The frequency distributions 
of rupture strengths are calculated and shown in Table 3.5. 

The distributions are plotted in Fig. 3.6(a). The shift in 
the frequency distributioi curve is an indication of the 
effect of electrostatic field on the rupture strengths of 
mylar specimens. 

More elaborate experiments are conducted on macro- 
fol film specimens. Not only that the different schemes of 
applying the field are used but, also, the experiments are 
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conducted with varying intensities of the field* The results 
are shown in Table 5*4. The coluims I and III of Ihe table 
show the results for symmetric configurations (corresponding 
to Pig. 5*5(1) and (III)) whereas the column II shows the 
results for asymmetric case (corresponding to Fig, 5,5(ll)). 

It is clear from the results shown in the table that the 
rupture strength decreases in the presence of a field. The 
decrease in rupture strength varies from 6,5 to 14 percent 
depending on the intensity of the field applied. Comparing 
the results of columns (5) , (4) and (5) of the table, it is 
seen that the drop in rupture strength increases with the 
intensity of the field. Further, xdaen the drop in rupture 
strength in symmetric case (col, (2)) is compared with that 
of asymmetric situation (col. (4)), it is found that the 
decrease in rupture strength is more in asymmetric case 
althou^ the field intensities are approximately the same in 
the two Cases. The same fact is revealed when results of 
columns (2) and (5) are compared where the intensity of field 
in ccCLumn (5) is approximately half of that in column (2) but 
the drop in rupture strength is approximately the same. On 
the basis of these observaticns, it is concluded that an 
applied field has a stronger effect when the (dielectric) test 
specimen is arranged asymmetrically between the plates of 
the capacitor. 
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Table 3»2 : Results of tensile rupture tests on specimens 
of Al-foLl. 

Instron machine cross-head speed =0,5 mm/ndn. 
Gage length of test specimens = 62.0 mm. 



Wi d th of 

4 V r- \ i -4 

test specimens 

= 10. 

0 mm 


Thickness of test 
specimen = 10 micron 

Thickness 

specimen 

of test 
= 20 micron 


5 divisions of 
chart = 1.0 Kg 


2 divi si ons of 
chart = 1.0 Eg 

D.C. Volts 0.0 

-4.0 KV 

+4.0 E7 

0.0 

+4.0 KJ 

S.N 0. 

Rupture load read from the load - elongation 
curve in terms of no. of divisions of chart. 

.M. _ A-.'l U - - 

s.hi: 

: :.m 

. l?). . 

(4)7: 


1 

9.1 

8.20 

7.85 

7.15 

7.30 

2 

9.1 

9.00 

8.18 

7.00 

7.30 

3 

8.77 

8.38 

9.05 

7.16 

7. 20 

4 

8.98 

9.13 

9.20 

7. 22 

7.30 

5 

8.90 

9.07 

8. 80 

7.32 

7.32 

6 

8. 93 

8.32 

9.30 

7.13 

7.15 

7 

8.99 

8. 57 

8.42 

7.38 

7.12 

8 

8.90 

8. 90 

9.00 

7.13 

7.18 

9 

8.80 

8. 86 

8, 50 

7.20 

7.16 

10 

8.65 

9.10 

8.90 

7.20 

7.10 

Average 

. 1 .1 r rr 




/ V r , , 

rupture 

8.912 

8.753 

8.72 

71.89 

72.13 


strength 

P ercent 
change in 
rupture 
strength 


- 1.78 


-2.15 


+0. 534 
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Table 


5*3 i Results of tensile rupture tests on specimens 
of aluminised mylar- 


Instrcn machine cross-head speed 
Gage length of specimens 


2 cms/min. 
42.0 mm 


Width of 

test specimens 

= 10.0 mm 

Thickness 

of test specimens 

= 20,0 mteren. 


5 divi si on of 

chart = 1.0 Kg 

D.Q. Tolts 

0.0 V 

+ 4.0 EV 

f V . /.I . - t 

f n k _ _ ■ 

- fl f r\ * \ 

S..N 0. 

Rupture load read from the load - 
elongation curve in no. of divisions 


of chart 

.ilfi \ n .. 1 K r 

,{1) 


1 

8. 94 

7.87 

2 

8.65 

8.78 

3 

8. 50 

7.80 

4 

9.25 

8.95 

5 

9.20 

9.00 

6 

9.00 

7.30 

7 

8. 58 

7.15 

8 

8. 40 

7.3Q 

9 

8.48 

7.50 

10 

10.10 

9.90 

11 

7.94 

7.00 

12 

8, 90 

9.05 

13 

9.20 

7. 20 

14 

9.00 

9.73 

15 

11.25 

7.78 

16 

7.60 

8.15 

17 

10.70 

9.20 

‘ -- 

. .. >. w . . , 


Average 

rupture 

9.04 

8. 22 

strength 


„ w 'll u » X - f 

P ere ent 

decrease in 

- 

9.07 

rupture 

strength 

* 







827gg 
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Talsle 3*4 : Results of tensile rupture tests on specimens 
of macrofol film. 


Instron machine cross-head speed = 
Width of test specimens = 

Thickness of test specimens = 

G-age length of specimens = 


2.0 cm/mm 
10 mm 
20 microi 
6l mm 


Arrangement I Arranganent II Arrangement III 

(symmetric) (essraimetric) (symmetric) 


Field in 

K7 /mm 

o 

• 

o 

18.5 

34.5 

20.7 

10.35 

75.0 

D.C. Volts 

0.0 V 

5.0 EV 5.0 EV 

3.0 EV 

1.5 KV 

1.5 KV 


Rupture load 

read from the lo 

ad-elongation curve 

S.N 0. 

in terms of no. of divisions of chart. 

2 divisions 


of chart = 1. 

0 Kg 





- 

(2)’ 


.. (i). 

. ,151 

{eL . 

1 

5.40 

4.90 


4.94 

5.25 

4.12 

2 

4. 60 

5.35 

3.70 

3. 55 

4.75 

4.70 

3 

4.76 

4.70 

4.07 

4.24 

4.73 

4.87 

4 

5.34 

4.80 

4.20 

5.62 

5.15 

4.80 

5 

5.35 

4.47 

3.40 

4.88 

4.50 

4.03 

6 

5.02 

4.35 

4.55 

4.95 

4.33 

4.73 

7 

5.17 

5.40 

4.47 

4.00 

4.80 

4.45 

8 

4.64 

4.52 

4.70 

3.92 

4. 30 

4.30 

9 

4.24 

3.67 

4.71 

3.18 

4-30 

4.14 

10 

5.00 

4.39 

4.20 

5.20 

4.10 

4.58 

11 

3.30 

4.29 

2.75 

4.64 

3.30 

5.05 

12 

5.94 

4.45 

5.44 

5.70 

3.45 

4.45 

13 

5.08 

4.39 

5.15 

2.72 

6.25 

3.60 

- -i - k » » ^ x_ — 

Total 

63.84 

59.68 

55-04 

57.54 

59.21 

57.82 

Average 
rup ture 

4.911 

4.591 

4.234 

4.426 

4.555 

4.447 

strength 







P ercent 
decrease 
in rupture 
strength 

- 

6.51 

13.80 

9.87 

7.25 

9.43 
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Table 5»5 '• Frequency distributions of rupture strengths 
of alumLnised mylar specimens. 

r r X XI X.X * — k X » j r « -V X » , 

-f rxi, x X 

D.C. Volts 0.0 V 4.0 EV 


oad-rsnge 

(no, of div, of chart) 

^ jt jr? ^ -X .1 ' 1 X 

N 0 . of 
obs. (n) 

r el. free. 

(f) 

(n) 

(f) 

t - xx. _ < 

7.01 - 

7.50 

0 

0,0 

6 

0.353 

7.51 - 

8.00 

2 

0.117 

3 

0.176 

8.01 - 

8. 50 

3 

0.176 

1 

0.059 

8.51 - 

9.00 

6 

0.353 

3 

0.176 

9.01 - 

9.50 

3 

0.176 

2 

0.117 

9.51 - 

10.0 

0 

0.0 

2 

0.117 

10. Ol- 

10.5 

1 

0.059 

0 

0.0 

io, 51- 

11.0 

1 

0.059 

0 

0.0 

11.01- 

11.5 

1 

0.059 

0 

0*0 
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The frequency distributi cns of rupture loads are calcu- 
lated and shOTTn in Table 3.6. A few of these distributions 
are plotted in Pig. 3.6(b), The shift in the frequency 
distribution curves towards the left, when a field is present 
indicates a reduction in strength due to the effect of field. 


(c) Analysis of Yariance of test data 

The analysis of variance is an arithmatic device 
for partitioning tiie total variation exhibited by sainple 
observations according to the various sources of variatian 
that are present, thus permitting hypothesis tests regarding 
the respective variation sources. The most sii35)le analysis- 
of-variance model is a completely randomized, one variable 
design in which attention is on a comparison of the effects 
of treatments T., Letting x.. designate the ith observed 
effect of the oth treatment, x. . the sample mean of the jth 

V 

treatment effect, and x., the mean of all observations x. . 

J 

the total variation as measured by the total sum of squares 
(SS) csn. be partitioned as follows ; 

XX (x . - X. .) 2 = 21 X .) ^ +5. i-5. i) ^ 

0 i 3 i 3 3 i ^ 

The first term on the right hand side of the above equation 
is called the sum of squares between treatments and measures 
’•explained error" (i.e. that part of the total vaxlation 



Table 3»6 : Frequency distributions of rupture strengths of macrofol 
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due to differences tetweei treatment effects). The second 
term is called the sum of squares within treatmaits or error 
SS and represents the SS due to unexplained variaticn. 

The results shown in Tables 3.5 and 3.4 are analysed 
statistically by applying the analysis of variance test to 
them. The analysis will show whether the variation in the 
rupture strengths exhibited by the observations is due to 
chance alone or because of the presence of an electrostatic 
field (i.e. the treatment). 

Prom the data of colum (1) of Table 3.3, we have 

= B.94 + 8.65 + ... + 10.70 = 153.69 
^2 = X ^i = + ••• + 10.702 = 1403.0015 

Similarly, from column (2) of the same table, we have 

\ = X ^i = + ... + 9.20 = 139.74 

Y2 == X Yi = 7.872 + 8.782 + ... + 9.202 ^ 1163.1110 

N ow, 

Xi + Yi = 293.43 

X2 + 72 = 2566.1125 


Total number of observations, IT =: 34 
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(X, + Y, ) 2 

Total SS = Xg + Y2 - - jj ' = 33»7255 

Xf + (X,+Y,)2 

Between treatments SS = “ 17 ~ “ jj ’ = 5.7 236 

Within treatment SS = 33.7253 - 5.7 236 = 28.0017 

The summary analysis of variance table is ^own in 
Table 3»7. The null hypothesis to be tested is 

: average rupture strength of mylar specimens without field 

= average rupture strength of mylar specimens with field 

and the test is at an a = 0.025 significance level. 

The mean square (MS) represent two independent, chi- 
square distributed, unbiased estimates of the observations 
variance when is true. Their ratio is F-distributed 
with 1 and 32 degrees of freedom (d.f,). If is true, by 
chance alone this F-ratio is expected to exceed 

Fq q 25 1 32 " 5. 53 ^^ly 2. 5^ of the time. Since, 

^oal = I'Mlo = > 5.53, 

the hypothesis Hq is rejected. The conclusion is that the 
effect of field on rupture strength exists. 

Similarly, the analysis-of-variance test is ^plied to 
the data of columns (1) and (3) of Table 3«4. The results of 



A summary analysis of varianoe table 
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the ahalysis-of-variance are shown in Table 3*1 • Using the 
Same and a as before, since 

^cal oil??! ^ ^ ^0.025,1,24 ^ * 

Hq is rejected and the conclusion is that the field affects 
the rupture strength of macrofol film. 

5- 3*2 Wear Test 

The objective of wear tests is to find out whether 
the d.ectrostatic fi^d affects the rate of wear of a di- 
electric material or not. The test specimens are subjected 
to wear in repetitive rubbing contact with a metallic surface. 
FOr this purpose, a simple experimental set-up is desigaed 
and fabricated in the laboratory. 

In the present investigation, specimens of macrofol 
film are rubbed against a mild steel disc, both, in the 
presence of and without a field. The size of wear scars pro- 
duced in a specified interval of time is measured in both the 
Cases. Any significant difference in the average size of 
wear scars in the two cases is an indication of the fact "that 
the field does affect the process of wear. 
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( a) J!xp eil men t al ^ Details 

The set-up used for testing the specimens is sho-wn. 
in Fig. 3.7. A circular disc of mild steel, about 22 cms. in 
diameter and 1.25 cms. thick, is grounded to a fine surface 
finish on a surface grinder. The grounded surface is then 
cleaned with kerosene oil. The disc is mounted oa a shaft 
which is gripped in a small drilling chuck after wrapping a 
PVC sheet around it to insulate it from the chuck. The chuck 
is, then, mounted in the spindle of a vertical drilling machine 
so that the disc can be rotated at a constant speed. The 
rotating disc makes contact with a steel ball which is held 
in a ball-holder as shown in the figure. ®ae ball-holder is 
made of perspex and consists of a cylindrical bolt and a 
fitting the bolt, A tapered hole in the center of the cap 
accomodates a steel ball such that the ball projects partly 
outside the cap as shown in Fig. 3.8. The bolt, vdien ti^te- 
ned into the cap, presses the 1>aLl into its seat. The ball- 
holder is fixed at one end of a long arm (made of Al pipe) 
which is supported in a specially designed bearing such that 
the arm can be rotated in both horizontal and vertical planes. f 
A flat disc with internal threads is provided on. the other 
end of the arm tobe used as a movable counter— wei ^t. The 
provision of a counter-wei^t makes it possible to carry out 
rubbing action between the test specimen and M.S. disc under 
a very li^t load. The wear tests are performed by moving 













the counter-weight to a position farthest from the point at 
which the arm is supported so that the ligjitest ccaitact load 
"between the "ball and disc is Cbtained. The contact load is 
determined "by wei^iing the "ball-holder along with the arm in 
a physical "balance. 

The specimens to he tested are cut from a 10 mm wide 
tape of macrofol in lengths of approximately 10 mm. Tests 
are performed on specimens of 20 and 40 micrcn thicknesses, 
lor subjecting a specimen to rubhing-acti on in contact with 
the rotating disc, the specimen is placed over the projected 
portion of the ball, slightly stretched and fixed to the 
, external surface of the cap by adhesive tapes. The arm is 
now positioned in a radial directi cti with respect to the 
disc and the ball is made to contract the disc near its 
outer edge. 

For conducting the tests in the presence of a field, 
the disc and the hall are connected across a high potential 
d.c. supply (0-5 KV") as shown in Fig. 5*7. When doing tests 
without field, a low voltage supply (5 7) is connected in 
the circuit so that any ball-to-disc ccntact resulting from 
the wear of test specimen is indicated by the flow of a 
current in the circuit. 

During the tests, the disc is rotated at a constant 
Speed of 40 r.p.m. to give a rubbing speed of 41 cms.-iper 
sec end. The rubbing occurs under a normal load of approxi- 
mately 23 gms. The specimens are rubbed, both in the presenct 
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of and without field. For each interval of rubbing time, a 
set of five specimens is tested at each intensity of applied 
field. The tested specimens are collected for obseirvati on in 
a projector. 

The wear scars cn the test specimens are projected on 
the screen of the projector after a magiification of hundred 
times. The scars are found to be nearly circular in shape 
and their diameters are measured in two perpendicular direc- 
tions. The measured diameters are shown in Table 3.7. The 
average sizes of the scars under various test conditions are 
shown in Table 3.8. 


(b) Results and Discussicns 

Table 3.8 shows the growth in the size of the wear 
scar mark with time, both in the presence of and without the 
electrostatic field. Tests under identical conditions are 
repeated five times without and the same number of times with 
a strong electrostatic field. Results are shown for two 
different thicknesses of the polymer film. Average values are 
given in Table 3.9. It is found that in case of 20 micrcn 
thick film, the wear scar growth curve in the presence of 
field is lower than that without field as sho-sna in Pig. 3*9 
thou^ the effect is very small. In the case of 40 micrai 
thick specimens, the effect is not perceptible. Therefore, 
it is concluded that the electrostatic field does not have 
any significant effect on the wear rate of macrofol flla. 
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Table 3»8; The values of diameter of wear scar measured in mms. 


Thickness of test-specimen = 20 micron 


V oltage 
appli ed 

Duraticn of 
rubbing 
contact in 
seconds 


5.0 V 


30 60 


90 120 180 


3000 V 

1 r R i '% f 1 

30 60 90 


Dia- of a 
scar in 
Y-directi on 
X-di recti on 


Average dia- 
meter of the 
scar in mms. 


c. 

.533 

0. 

606 

0. 

.490 

0. 

652 

0. 

.654 

0. 

611 

0. 

.569 

0. 

588 

0. 

540 

0. 

649 

0. 

529 

0. 

670 

0. 

.524 

0. 

580 

0. 

,480 

0. 

558 

0. 

, b07 

0. 

639 

0. 

.549 

0. 

601 


0.840 0.680 
0.812 0.593 

0.633 0.652 

0.604 0.626 

0.630 0.702 

0,582 0.666 
0.612 0.642 

0.573 0.629 

0.632 0.636 
0.592 0.609 


0.707 0.593 

0.67 7 0.537 

0.696 0.533 
0.681 0.511 
0.781 0.566 
0.740 0.542 

0.728 0.552 

0.711 0.555 

0.725 0.538 

0.701 0.516 


0.566 0. 571 

0.562 0. 567 

0.635 0. 630 

0.623 0.606 
0.583 0. 618 

0.575 0. 591 

0.585 0,638 

0.585 0. 601 

0.608 0.618 
0.588 0.6C3 


0.5908 0. 604' 


0.5475 0.6154 0.6510.0.6435 0.7147 0.5443 


Thickness of test-specimen = 40 micron 


7 oltage 
appli ed 


5.0 7 



4 000 7 


Duration of 







rubbing 
contact in 

60 

120 

240 

60 

120 

240 

s ec onds 







Di a. of a sc ar 
in —Y-directi on 

0.650 

0.575 

0.702 

0.532 

0.610 

0. 648 

X -directi on 

0,649 

0.604 

0.690 

0.623 

0.622 

0. 650 


0.483 

0.564 

0,647 

0. 544 

0.571 

0. 622 


0.509 

0.570 

0.640 

0.570 

0.594 

0.641 


0.627 

0.547 

0.677 

0.524 

0.564 

0.66 2 


0.641 

0.561 

0.651 

0.551 

0.599 

0.674 


0.548 

0.537 

0.652 

0.657 

0.619 

0.622 


0.556 

0.548 

0. 640 

0.660 

0.639 

0.608 


0.552 

0.609 

0.557 

0.530 

0.580 

0. 636 


0.581 

0.640 

0.566 

0.554 

0.615 

0.609 
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Table 3«9 : Average diameter of wear scar under different 
test conditions. 


Ccntact load 23*2 gms. 


Thickness of 
test 

specimen 

Voltage applied 

duration of 
rubbing contact 
in seconds 

5 V 

3000 V 


30.0 

0.5475 

0.5443 


60.0 

0.6154 

0.5908 

20 micron 

90.0 

0.6510 

0.6043 


120.0 

0.6435 

- 


180.0 

0.7147 

- 

n. n r _ • ' 1 

V ol tage appli ed 

5 V 

4000 7 


durati on of 
rubbing contact 
in second 


60.0 

0.5796 

0.5745 

120.0 

0.5755 

0.6013 

240.0 

0. 6422 

0.6372 


40 micron 



it 





CHAPTER 4 


EFFECT. OF .UiECTROSTATIC FIELD, ON TH_E BINDING EHERGr_OF SOLIDS 

4.1 Introduction 

The present chapter deals ndth the analysis of the 
effect of an applied electrostatic field on the binding 
energy (a measure of the strength of the binding) of a few 
microscopic systems. As pointed out earlier, the lowering 
of valence electron energies is responsible for the inter- 
atomic bends between two or more atoms. Therefore, a knowledge 
of electron distributi ens and energies which are determined 
by electron wave functions is essoitial for an understanding 
of the nature of bonding. When an atom is placed in an 
electric field, the field interacts with the atom and distorts 
its electron charge distribution. !I!he Stark effect [25] - 
the effect of an external electric field on the energy levels 
of a hydrogen atom, is an exan^ile of this. Therefore, it is 
logical to think of the effect of an external electric field 
on the strength of the binding in a molecule or a solid. 
Considering the simplest molecule, i.e. a hydrogen molecular 
ion (H 2 '^ ), ■which is covalently bonded, the existence of the 
overlap charge between the nuclei is known to be respcaasible 
for the attraction between the atoms [26] since the magnitude 
of overlap charge is intimately tied up with the magnitude 
of the interatomic force or the strength of the Mnding, the 
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effect of an external electric field cn the overlap charge 
in a ion is studied first. 1 1 is found that llie overlap 
charge always decreases due to the presence of a field. The 
decrease in overlap charge is an indication of the weakening 
of the bond. 

The Same lo^c is then extended to covalently bonded 
solids in which the atoms are bonded two by two. Taking a 
simple cxie dimensional model of a dielectric solid, the effect 
of an external electric field (produced by a chain of charges) 
on its binding energy is studied. Finally, the effect of an 
external electric field on the binding energy of a linear 
one-dimensional model of a metallic solid is studied. Since 
the basic idea is of only a preliminary study, therefore. 

Very simple and mathematically tractable models are ©uployed. 
The models may not be applicable to realistic solids but have 
sufficient structure to qualitatively reflect their behaviour. 
In this sense they are not trivial and indicate the trend of 
the effect of an external electric field on the binding energy 
of solids. A rigorous analysis based a more realistic 
model is difficult, time consuming and beyond the scope of 
interest of the author. 

4.2 Binding in a Hydrogen Molecular Ion, 

The basis of covalent bonding is the redistribution 
of the charge density due to the outermost electrons of an 
atom, to produce the overlap charge. The overlap charge can 
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be calculated exactly cjtily in the case of simplest molecules 
like the hydrogen like molecular ion (H^ ) aJ^d the hydrogen 
like molecule (Hp. The H^-ion consists of a sin^e electron 
moving in the field of two protons h^d at fixed positions 
separated by a distance, R as shown in Fig- 4.1. Using ICAO 
(linear combination of atomic orbitals) approximation, the 
ground state wave function, , for the molecular orbital 
can be written in terms of atomic orbitals as [26] 

» ^•3 1 -ocr -mr, 

yCr) = (N “ (e ^ + e ^ ) (4.1) 

where r^ and r^ are the distances of the electron from the 
nuclei at A and B respectively. 

a is a variable parameter and a function of R to be 
chosen by variation method. 

N is the normalisation constant. 

The Square of the wave, function, , gives the charge density, 
which if integrated over all space gives the n ormali sati on 
integral as 


N 


a- 

TZ ■ 


-2ar 
(e ^ 


-2ar, 


+ e 


+ 2 


-a(r^+r^) 

e ) 


dv 


(4.2) 


where the first and the second terms inside the integral 
sign represent the spherically symmetric atomic charge 




distributions around -ftie nuclei A and B ^diile the Ihird 
term represents the overlap charge, fhe overlap charge 
is proportional to the overlap integral, S, defined as 
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S 



, -Q:(r^+r^ 

! e dv 

5 


(4.3) 


Substitution of Sq. (4.3) in Eq. (4.2) gives 


N = . . - ^ - 

2(1 + S) 

The Eq. (4.2) shows that the fracticsi 1/(1+S) of the total 
charge is still in the atomic ccnfigurati cn and the fracticn 
S/(l+S) of the ori^nally atomic charge is redistributed in 
the form of overlap charge. The contours of constant overlap 
charge density are the confocal ellipsoids, r +r, = constant 
with the nuclei A and B as the foci. Hence the overlap 
charge distribution is of a spheroidal form, with maxinium 
density alon£ the line ;joLning the two nuclei and falling 
off as the distance from the line increases as ^own in Pig. 
4.2. The overlap charge is zero for very large inter-atomic 
distances, R, and builds up as the nuclei approach each other 
The build up of overlap charge leads to an attractive inter- 
action between the atoms. At the sane time, as E decreases, 
the electrons (or its wave functions) are squeezed into a 
restricted volume increasing the kinetic energy of the elec- 
trons which leads to a repulsive inter-atomic force. At the 
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equilibrium interatomic separaticn, R^, the two opposing 
forces balance each other. Thus the magnitude of the 
Overlap charge is intimately tied up with the magnitude of 
the interatomic force. Therefore, to find out the effect 
of an external electric field cn the binding energy of a 
simple molecule like H^-ion, it is sufficient to consider 
the effect of presence of the field on the overlap integral S. 

For evaluating integral S in the presence of an 
external field, it is necessary to know the distortion or 
perturbation in the wave function of an electron (moving in 
the field of a hydrogenic atom) due to Ihe field. 

The unperturbed wave functicn for an electron moving 
in the field of a hydrogenic atom is 



(4. 4) 


where is the Bohr radius ( odO.5 A®) 

O 2 

me 

Z atomic number of hydrogenic atom 
m is the reduced mass of the electron 
ft = ^ ■where h is Planck's constant. 

Fortunately, an exact, closed form expression for the first 
order correction 6^! (r, t) is known for a static electric 
field [25, 27], It is given by 
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Zr 

a. 


6!2(r) = +i(^)=]oos e 


■Ka 


o 


2Zfe- 


- M 

("'■')2 Ae ° [|^<+ i(-~) ^]cos e (4.5) 

Tx a; 


, 2,2 2 

where, "K-^p ~ p a ionisation energy, 

Fq is the strength of the static field, 
-e is the electron charge, 

2 2 


Therefore, 


Zr 


cp{r) = N[(|) (r)-^— -•)‘^ A e ° cos 61 

Tta^ ^-o s-o •' 


= N ( cOq + 6(p) 


(4.6) 


where N is the normalisation constant.. 

Using the atomic coordinates as shown in Pig. 4.1 and substi- 
tuting Z = 1 in Eq. (4.6), the perturbed wave function for a 
hydrogen atom is given by 


-r/a 


?.{?) = lT(iiajr^ e ° (1- A {f- +|(f-) ‘} COBS) 


(4.7) 
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The normalising conditicti gives 


or 



”^0 


> 

Ti 

CM 

a* 

= 1 

CO ^ 

2ji 

r f 

r 

; dr 

de ^ 


/ 



(1- A i 



+ K 



Sin © = 1 


Sintplif 3 dng, we get 


nMi + -^ -A = 1 


or 

jj _ 1 (4«8) 

f (1+5. 575 K^) + A'^) 

where A’^ = 5.575 A^ • 


Now, the overlap charge in the case of a liydrogen mole- 
cular ion (H^ ) is calculated by using -the spheroidal coordi- 
nates ( ' 5 ^ , r; , o) where 

and -% varies from 1 to c-o 

} (4.9) 

and p varies from -1 to 1 


^ = 


^ s' 


Ti = 


r -r, 
a b 

s ■ 
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and cp is the an^e of rotation about the axis joining the 
nuclei. Further, 

271 1 

r r f 

dv = ~ j dcp j dn j ri 

J o -1 1 

( 4 . 10 ) 

For the unperturbed hydrogen molecular ion, the 
overlap charge between the centers is calculated by using 
Sq* (4.3) and is givai as 


- -a-(r^+V 

So = "n -i’ 

J 


where a* 


a 


After substitutions. 


Q O’ i 

So = '■« f ® 


CO 

( -a»RS 


■p 3 

dt 2 ji 


1 

f 




-a'R 


= e 


[l+a»R+ (a»R)2 ] 


(4.11) 


using the general formula 


cot 


r 


n 

z e 


(-ax) 


dx 


(-ax) 

^ r-j . . 1 


J 

X 


^ "n+l [l+ax+ ( ax) c (oz)^l 


Similarly, the overlap charge between the centers in the 
presence of external field is calculated by using the per-- 
turbed wave functions 
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<p(r^) = 


/ a ‘ ^ x4 
v ' ' e 

( 1 + 


a 'r 


[1- 


X ' 

' ^ cos ^ — ■*^{"~^) 


(4.12a) 


and cj)(r^) = 

’’ (1+ 


e [1- CCS e^- -^(— ) 


(4.12b) 


The overlap charge is given by 


(4.13) 


Now, from Fig. 4.1, it is clear that 


+ r^ - r^ 

cos = - -2 . 

a 


C os •0, 


r| - (r 2 + ry 

' “ ’ 2 ‘R rv " 


Therefore 


r r,c os 0 cos Qv 
a b a D 


r^+r^ - r'^- 2 r| r^ 
4 R^ 


R2 


( ^ p ^ - 1) (4.14) 


cos 6 1 


cos e^] 


on substitution from Eq. (4.9) 
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Si mil arly, 

- r? 

+ TbOOs = ^R- ' = 

(4.15) 

r^oos 6b = 3 

= •|^Ti(l+^=) (4.16) 

r'rjoos €a ““s ^b = 15 Vn''+ ’l"" 

(4.17) 

SubstL tuting Bqs. (4.12a,'b) in Eq. (4.15) and nipking use of 
the relations given by Eqs. (4.14-4.17), we get after simpli- 
ficaticii 


S = [s^+ e ( + |2(ct«E)+ |2(a‘E)’- ^(a'R)^ 


( 1 + A'^) 


(4.18) 


Therefore, 


-a«R 


[- ■|i3(<x'K) - ya<R)^- ^^(a'E)''- ^ 0 '“ '®) 


s-s. 


1+4^ A ^ 


8 


(4.19) 


^ 0 for all positive values of a*. 
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Thus fractional decrease in overlap charge 


S-S 



o 


AS 


S 


o 


(4.20) 

For the equilibrium intemuclear distance a ’R = 2 Bchr 
unit. Therefore, for ion, 

- „ _ -6.5 e”^ 

1 + 5.yi5>? 

and Sq = 4.33 e"® 

Thus, for H^-ion, 


■AS 

Sl 


. 6 ., 5 , ) 

1 + 5.375 >>“ 


. ®^0®o 

where A = ■' now. 

2 h £0^ 


For Very' large values of a , 


A -^s = 


"o : 


6*5 — 1' 
4.33 5.375 


■ma2 


-sr - 0.279. 


Thus, the limiting maximum fractional reduction in overlap 
charge in is 0.279. Since (S - S^) , giv^ by Bq. 

(4.20) is negative for all admissible values of a‘, therefore, 
irrespective of at what equili brium separation, R^, the 
minimum of energy curve is reached, AS at is always nega- 
tive due to the presence of field. It may then be deduced 
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that the binding tnust be weaker in the presence of an external 
electric field and the energy curves axe expected to look 
like that shown in Fig, 4.3* 

4.3 A. 

A simplified analysis of the effect of an external 
electrostatic field cn -the binding energy of a solid dielec- 
tric is presented here. It is known that dielectrics are 
polarized in the presence of an electric field. The objective 
of the present study is to investigate whether -fche pdariza- 
•fcim leads to a decrease in the binding energy and consequently 
a weakening of interatomic bonds or not. The analysis is 
restricted to a very siD3ple model of the dielectric solid - a 
one-dimensional linear chain of atoms having one valence 
electrcai per atom. 

The core potentials for the one- dimensional linear 
chain of atoms are considered to be 6-functicns like as shown 
in Fig. 4.4* with the Hamiltcnian 

= -|i S - ZI - V (4.21) 

n 

where, x^ = na, n = +1, +3* ... are "the atomic positions with 
2a the interatomic separation distance, and A the strength 
of the core potentials. The larger -the A, the more tL^-tly 
will the bending electron be bound to the core and the looser 
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the binding with nearest neighbour atoms. The binding 
energy is a function of »a', being minimum at the equili- 
brium value of *a* and vanishing' as where tho 

system degenerates to a collection of unbound atoms. 

Let at first the formation of energy bands in a 
solid be examined. In the unbound system of N-atoms, the 
outer electrons have an energy E„ which is H-fold degene- 
rate. When two atoms bond together, the level splits 

into the lovfor bonding level and the higher antibonding 
level E . Within the solid, when all atoms bond together, 
these levels broaden into the bonding or valence band and 
the antL-bcnding or conduction band as shown in Eig. 4.5. 

In a dielectric, tiaese bands do not overlap and in the 
ground state, the former is fully occupied by the electrons 
while the latter Is fully empty. The binding energy per atom 
is thoa, 

Ep 

^ J 

-oo 

where, n(E) is the density of states per electron and Ep 
the Fermi energy. For a one-dimensi cnal chrln of dielectric 
material , 
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J(4Vf - S‘) <^E < (Ej,+2Vi) 

n(B) =- (4.25) 

'f(4V| - B^) (s^.27^ ^ 

and Ep « (E^ - 

where and ^2 ane the effective overlap integrals of the 
ti^t binding model in the valence and conduction bands. 

Since the density of states is symmetric, 

where Eg is the binding energy per atom in the case of 
two-atom bonds. 

For the specific case of a dielectric, therefore, it 
is sufficient to consider the bonding between two atoms only 
as Eg is equal to Eg. In more conplicated cases, -where the 
density of states is non-symmetric or where Eg may lie within 
the lower or upper band as in the case of metals, the know- 
ledge of both n(E) and Eg becomes necessary for calcifLation 
of binding energy. Thus, in case of dielectric linear chain, 
the problem is reduced to finding the effect of an electro- 
static field on the binding between two atoms. The analysis 
is carried out by employing ICAO (linear combinatim of atomic 
Orbitals) method using atomic orbital baas [28], 
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In tile case of a linear diatomic molecule, 
potential energy U(x) for an electrcn is given by a pair 
of 6-functiQns of equal strength separated by an inter- 
atomic distance 2a. The Hamiltonian. H, in this case iS 

givea hy 


H = - 


"IS 


« A6(x-a) - A6(x+a) 


dx' 


The molecular orbital (MO) for the linear diatomi 
molecule is a linear combination of the atonic orbitals 
(LCAO) of the isolated ions 


(r) 


vy(x) = -t ^2*^2 


eKp(-al.-al)-a,,= 

.ith 2a = A. are the eigenfunetlcs of H for the 
centered on the respective atoms. The energy of e ^ 
Obtained by a variational principle [29] and xs wri 


E = 




iO 


3*c -S. . 
i 3 13 


where, ®^ij ~ 


.C*D 


,oo 




dx S 


X3 


* m 
% 


dx. 






The condition for E to be ntiLnimum wi1ii respect to variation . b 
of the no-w leads to the linear equaticns 

51 (H.J - ES^j) Oj = 0 (1 = 1 , 2 ...) 

3 

For consistency, E must therefore satisfy the secular 
equati aa 

det(H. j - E * 0 

Since 9. are normalized, S. . =1, and 

X -L-L 

-P 

= S = (1 + p) e {± ^ j) 

-2P 

H,, = t = E„^(l + 2 e ) 

11 

-P 

= q = \^J3 + P) e (i 3) 

2 

where, E = - = energy of the electron in a sin^e 

6-functicai potential 

0 _ 2mAa 

'*2 


Thus, the secular equation reduces to 
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or, 


E 


5 ± -n 
1 + s 



■S- 1 

HI BS 


Thus, the bonding wave function, for the linear molecule 
is given by 

fiii+S 

which corresponds to the energy state Ev = and the 

binding energy, ^ E^^ - E^^-! per atom. 

Now, to study the effect of an external electrostatic 
field on bonding, a linear chain of charges Q is introduced 
at a distance E from the linear chain of solid dielectric, 
at positicns 

= 2 n a, n = 0, +1, +2, ...» as shown in Big. 4.6, 


It is to be noted that these external charges caily polarize 
the bonding electron cloud but do not capture the electrcsis 
themselves or bond covalently with the solid. This restricts 
the magnitude of both Q and R. 

First, the effect of positive charges (Q> 0) ai 

bonding is examined. The dominant effect of polarizatLcn 
comes' from the charge lying in between the two atoms, i.e. 
nearest to the bond. The other charges introduce only small 



FIG. 4.6 A LINEAR CHAIN OP CHAEGES Q TIG. 4,7 BINARY 12CSM SYSI©! 

AT A DISTANCE R FROM THE .. 'WITH AN EXTERNAL 

LINEAR CHAIN .C3F ATOMS. '• ' GHARGB. 



-CL X®0 CL X 


FIG. 4.8 THE VATE FUNCTION ■%(x) 



FIG. 4.9 ENERGY lEYELS 
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corrections to this. Thus the problem is reduced toldeter- 
Bioation of the effect of a charge Q placed at a distance 
K from the mid-pca,nt of the bona of a binary atom system as 
shown in Pig. 4.7 

Por the system shown in Pig. 4.7 the Hamiltcnian, H» 
is ^ven by 


H = - ~ A6(x+a)-A6(2-a)+v(x) (4.25) 

dX'* 

where v{x) is the potential due to external charge and is 
given by 


v(x,) 


Q e ^ 

/(x^ + R^) 


(4. 26) 


Again, the LCAO method is adopted as before, with the 
modified basis ti and 




cp^(x) + r ^(x) 

Y’ (r^ + 2rcf + 1) 


and ^^(x) 


q>^(x) + r ^(x) 
Y^{r^ + 2ra + 1) 


where, (x) is the eigenfuncti cn of 



2“ ar= 


v(r)] ^(x) 
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; 5 p^(x) (x) dx 

-•oo 

A rougji picture of (x) may be obtained by approximating 
v(x) as follows : 

v(x) - B 6 (x) where B a - , 

K 

So that. 


"^(x) = exp(-Y 1^1 ) with 2 y = B (4.27) 

The actual shape of (x) is similar to that ^v<aa by 
Bq. (4.27) but decaying less than exponentially as x +«*> 
and with a rounded peah instead of a cusp at the origin 
as shown in Pig. 4.8. Qualitatively, the shapes are very 
similar with a suitable choice of B. 

The admixture of (x) with the wave functions 9 ^ 
and 9^ reflects the polarization effect of tho charge Q c*i 
the wave functions. The positive charge pulls some of the 
electron cloud towards it, increasing the probability density 
around x=o. The admixture coefficient, r can be determined 
by energy minimization. 

How the energy of a polarized atom is always 
less ■than the energy of an unpolarized atom (atom in the 
ground state) . This can be easily deduced from “the consi- 
deration of the binding energy of a binary atom system. 
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At the equilibrium separatioi, the energy per atom for the 
bonding state is always lower than the energy of a free 
atom. Thus B^< as shown in Pig. 4,9. The change 
**^^0 “ ®oo small unless the polarisation is very 

strcng, a situation beyond our interest. 

Using LCAO method with and 4^^ s.s basis, since 


^oo 



oo 


Therefore, 

“ii = i ti s' Vi « 

-txa 



(J2^(x)+r 
fr^ + 2ra + 1 


A6 (x+a) ~A6 (x- a) +v (x) ) 

2® dx^ 


(9^ (x) + r (x) 
Vr^ + 2ro + 1 


dx 




r^+2ra+l 


I h 


(x) “• A6 (x+a)-A6 (x-a)cp^(x) 


9i 


(x)v(x)9^(x)+2rcp3^(x)H' W+r"" ^ {x)H’ 


^ + V + 2rh„ + r^ h^ 


4. 2 r o + 1 
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Similarly, 


where 


Also, 


The energy 


, + V + 2 r hp + h, 

. Sr r ^ ^ , , , *7 

^ J P 

r*^ + 2 r <J + 1 


(i o) 




•oo 


9 ^(x) y(x) (p^(x) dx 


V-, = 


h-. 


.00 




.00 


^cx:> 


(p^(x) v(x) cp^Cx) dx 


■^(x) H '<(x) dx 


OO 


9x(^) H'^(x) dx 


-OO 


oo 


•» ■ / 


f'lCx) dx (i 5^ a) 


S 4* + 2 r 0 

V IV # u^4 k, vt m \i\ nmv wxr s r .►-ti 

r^ + 2 r o + 1 


for the bonding state is given by 


4 = 


■•■ ®12 

1 + 3^2 


^ + r) + Tq + + 2r(2 h 2 + rh^^) 

j„-j^ , 4 f jri i#ni»iir n W A IK* — 'W« « r I * \« I * I. > l_k «tt «*Kr fcv r 

1 + S + 2(r2 + 2 r <y) 
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Thus, binding energy per atom of the molecule in the 
presence of a positive charge, 5^, is given by 


4 



( 4* 28) 


NOW e| presided or ^ ~ <C ^ 


or. 


4* T] 4- ^ Q ^ 21* ( 2 1^^) 

- Ik. _ 1,J« xi«.» >»JW jr «k.ii- ^I^ri r. r_ w w- w .a mn -J, kr 

1 + S + 2(r2 + 2 r o) 


_5.ta <0 

1 + S ^ 


or, 


(Vo+ v^+4 rh 2 + 2 r^h^) (l+S)-(V p) ( 2 r^ + 4 ro) < 0 


or, 


( 4 . 29 ) 


Since (v„ 4 -vj^) < 0 as v(x) < 0. there is certainly a 

range of values of r, the values being small in magnitude, 
for vtoich E4. (-4.29) in satisfied. The reetrictLm on the 
magnitude of r is a consequence of the condition that the 
external charges can have only a polarising effect ® the 
eleotrm cloud. B^us, in a range of small r values, the 
binding energy decreases due to polarisation. Hoifever, 

Bq. (4.29) may also give large values of r uhioh means that 
the external field causes large distortions in the wave 
function resulting in a different ohemloal system. This 
situation is beyond the scope of present study. 
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Now, the effect of negative charges (Q <^0) <xi 
bonding is exa^hned. In this case, Ihe external charges 
repel the bending electron cloud. The preceding method 
fails, since (x) for a repulsive state is a runaway 
solution, i.e. (x) — ► +oo as x — ». +do. However, 
in a solid, the lattice of cores prevents such runaway 
solutions. Thou^, the simple two body ICAO method fails, 
one can proceed as follows ; 

!Ilie external negative charge near tlie center of 
the bond repels the electron charge cloud, creating a hoi® 
around x = o as shown in Fig. 4.10. The charge cloud piles 
up at the core sites, so that approximately, 

vf'^(x) =s a exp (-a [x-a{ ) 
exp (-a !x+a| ) 

Urn 

•A ^ ^ 

where, a = -^ and A > A. 

Jn the absence of large constrictions (i.e, decrease of a), 
the situation resembles exactly the case of a linear chain 
without charge but with deeper core-potentials. In this 
case, therefore, the binding energy always decreases. 

The above qualitative arguments can actually be 
demaistrated »lth a simple Ki«Bie-P®ney model mth alter- 
nating wells of dq)th A at I = +(a, 3a, 5a, > and barriers 
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PIG. 4.10 EIEOTRON CHARGE DENSITY IN A BINARY ATOM SYSTEM . 

(a) WITHOUT ANY CHARGE (u) WITH A NBGATI7E CHAE($ 
. AT THE CENTRE AS SHOWN. 




-'■T 

B 

_ .... _ j = I . 

-OL X*0 C3C 2.<X. - 3 OU 


PIG. 4.11 SQUARE-WELL PERIODIC POTEIPriAL OP KHONIG-PENNEY MODEL. 
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of hei^t B at X = HhCo, 2a, 4a,...,) as sho-wn in Pig. 4.11. 

5)h© model is exactly equivalent to a Krcbig~P( 2 niiey model 
with well-depths of (a+B) at x = ^(a, 5a, 5a,...). Such a 
model has hound solutions, and the binding energy decreases 
with increasing w^l-d^ths at the same separation. 

4,4 A Linear Chain Model for a Metal 

1%. r ^ A jnjr %h j 4 ^ Jr "lin v ir \ fk t a ▼ 

In order to examine the nature of the effect of local, 
external charge distributions on metallic binding forces, 
the linear chain model is studied. Again, it must be empha- 
sized that the model is not physical but mathomatlcally 
tractable and, therefore, illustrative. The analysis of a 
physically valid model is a heavy task beyond the scope of 
the present work. The aim here is to understand, at least, 
qualitatively the phenomenon. 

If the total cohesive energy of a metal, i.e. the 
energy required to take the atoms opart, is expended to secesad 
Order in (valence) electron-ion interaction potential, V , 
then the resulting expansion of energy explicitly contains a 
term that represents a pair-wise interaction between atoms [50]- 
The pair— wise interaction consists of two parts, viz., the 
direct or "bare*' Coulomb part, , and an indirect ion- 
el ectren-i on in ter acid, on that depends on and tiae 

dielectric constant of the electron gas. The effective pair- 
wise interaction between ions is important in accounting for 
the nature of binding forces in metals. 
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The hare interactiCRs derived from ordinary Coulomb's 

law between a pOint-ion and an electron or two pcdnt-ions are 
respectively, 


V 


/ 

o ^ 






(4.30) 

where Z is the chemical valence of the ion. The mobile 
Bloch electron gas effectively screois these bare inter- 
actions, with the result that if e is the dielectilc 
constant of the electron gas, then the screened potentials 
are [ 28] 


V 


0-1 /■* 


(r-n.) 


-Ze' 


e|r-R. 




{ ih -R . ) ^ 

'' e;E.-E.| 


and the total potential is given by 


(4.31) 


V( r ) = 21 v®"^(?-R^)+| j- ^ v^'“^(>\-Rp 
3 13 

(4.32) 

4.4.1 Effect of Screening cai the Bare Electron-Ion 

m X. irtr^v J,vtf >1 k. i- f rnr__ k» iln \*t HV uv ijrx . m» n x\ x M hhix u » K»* r 

potential (V® ^(i^)) 

Let the effective (screened) potential may be 


written in the form 



9S 


V®-^(r) = C^C?) r ) (4.53) 

where, the screening potential Y is r^ated to the 

SC 

density j^(r) of the ELoch ^ectrons hy Poisson’s equation 
"^sc^ ^ ^ “ - 4 n 8^ 6f ( r ) (4.34) 

()f represents the fluctuations in the local electron density 
about its mean value due to electron- electron interact! cns 
among the Bloch electrons. r ) may be expressed in terms 
of the wave function r ) as 

f(r) = 2 r r ) (4.55) 

k 

where determined from the solution of the Schrodinger 

equation 

[- ^ V“+ r )] %( r) = Ei^v/i,{?) (4.36) 

Here k = wave number and k^ = wave number corresponding to 
Permi-Kiergy. 

The Eqa. (4.33) to (4.36) suggest that in order to calculate 
in Bq. (4.33), the Bq. (4.36) must be solved idiich it- 
self involves Thus a self-consist eat solution is 

the fact that the screened potential Y 


required. Using 
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is a weaJt potential, the wave equatioa can be solved by 
pertxjrbation theory, to cibtain 




1 



exp[i(J^+q) 



(4.37) 


where, V®-^(q) is the Fourier traheform ol the potential 

r ), 

m is the unperturbed (free electron) energy, 

■^k ” 2m 

Ji. = volume of the crystal. 

rr • si/ it is easy to evaluate /( r ) and thai its 
Knovo-ng 'Tjj.* it is eaa^y < 

Fourter treneform. Doing q ) = V* (-q ) . 

Fourier traneform of f ( 7 ) i^ 


,f(q) 


1 <■ 


7 ) ezp(-i q'i) 


= ..2... y '' erp(-i^-7) a^r 


= ii' 


irS-i/.^ >-4 T 

= ^ -O. k ‘‘+1 


and 


(4.38) 
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NOW, the P OLssoti’s Eq. (4-34) leads us to an equatico. 
connecting Vg^Cq) and jP(q)» viz.. 




/(q) 


(4.39) 


substituting the value of from Bq. (4.39) in Eq. 

(4.33), we get 




(q) - 


, 6*“i 
0 


vr- (q) 


1" 2 (\ T'^— 

q k ^k+q 


re-i 


(q) 


(4.40) 


Cg (q) 


where ejj(q) (called the 
free electron gas) is given hy 


Hartree dielectric constant of the 


4iie^ 4. ’K ’ . > - 

^'9) = 1- _a 


(4.41) 


Taking atomic units 20 


= 1 and = 2, ^ linear 


chain 
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1 

‘■•w < I uTf 

2 


eg(q) = 1- 

^ ^ k k2~(k+q) 

- 1+^.A. i ..A>„.- 

q^ 21. ; 2 


8 

1+ ■""' In (1 + ^"''' ) 

1 Q 

q 


(4.42) 


The response functicn r(q) is defined as 


Kq) 


Sg (q) ~ i 


'H 


(q) 


(4.45) 


Now, wave number, k^, can be expressed in terms of atCMnic 
radius, r_, as follows : 

3 

For . a free electron sea in a box of length i, the 
solutioa of one-dimensional SchrcJdinger equation H¥= BY 
gives the wave function '? and eigenvalue B as 





sin 


nnx 


n = 1,2,3,. •• • 


E(k) 


n^it^, _ ]£2 remembering that ' 2 m' ~ ^ 


The energy E represents 


the kinetic energy. Thus, the number 
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of states lying between energies o and E s= n(B) «= J fE. 
fherefore, tbe number of states between B and B+dB = 

uS 

~ 

or, the density of states, D(B) = ^ ET^ 

Now, each energy state can occupy upto a maximum of two', 
electrons because of Pauli exclusion principle. Let n^ 
denotes the topmost filled energy level when N electrons are 
accomodated, then 2 n^ - N, Ihe Permi energy, Ej,, is defined 
as the energy of the topmost filled level in the ground state 
(at 0°E) and is given by 



So that 



(4.44) 


where, r =» l/N is the atomic radius, and 
' a 

2r is the interatomic dist^ce. 

3 

The total kinetic energy, Bq,, of all the N electrons 
between 0 and Bp is given by 




I 




B • 3)(B) • dB 


L 


7C 




B^» dB 
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Therefore I a'verage kinetic energy per electron is 

V» = 'in- r< = f-2- h ('»•«) 

NOW, substituting Bq. (4.44) in Eq. (4.42), we get 


Cjj(q) 


= 1+ In (l + ) 


(4.46) 


and 

r(q) = ln(l+ [1+ ^ ln(l+ 

(4.47) 


4.4.2 The Screened lon-ion potential 

, ..V, W . wvwi jr- jur^jyf V r 1 nw 


The sea of Bloch electrons screens the ions from 
One another. As a result, ihe interaction between ions is 
modified. The 'indirect' part of the ion-ion interaction 
mediated by the electrons involves the bare-electroh-ion 
interaction twice as shown in Big. 4.12. To calc\ilate the 
influence of this indirect interaction on the "bare" 
ion-ion interaction let the total interaction energy 

of the ions be writtoi in the form 


= i - Rj) + 

where the ocntrihutioti represalts the indirect ion- 

el 8C tr OH— i Oil interaction and is given by 



FIG. 4.12 INDIRECT ION-ION INTSSACTION 
VIA THE POLiEIZATICH FIEID OP 
THE VALENCE ELECTRONS. 



FIG. 4.13 A LINEiiR CHAIN OP KETALHC ATOMS 
• IN THE PRESENCE OF A CHAIN OP 
CHARGES Q AT A DISTENCS R. ' 



(4.49) 





r) / 


( ? ) 


dr 


i.e. by the product of the electrcnic charge density at 

e-i 

and the bare electron-ion interaction potential at 

integrated over the volume of the metal. Using the diff- 

e-i 

racticn model, Fourier expansion of both, and jp are 

obtained as follows : 

V* ^ (q) = S(q) (q) 

f(q') = S(q') (q>) 

where, ^((1*) is the Fourier transform of the screening 
charge associated with a single ion (at the origin), 

Sis the structure factor and 

v®*”^ and refers to a single ion-electron 

screened and bare potentials respectively, nnd 

' (q) - 

Substituting these values in Bq. (4.49), we get 


.V®“^(q) 

-TTi]- 


r 

sc 



S(q)v (q) 


S(q’) P(q*)ezp[i(q+q’) ♦?] d? 
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0— .X 


q q 


= ‘y- S(ci) S*((i) Vq (q) f;(q) 


Uow, from Eq. (4.39) 


= 4?'o5 %o 


vhere, v^„C<l) i= screening p 

electr® pair and is 8^''® 

0**'l ^*** 

r„(4) = ’ (D - ’'o 


otential for a sin^e ion- 


= - V. 


u) rci) 


Therefore, 




i! v®'^(q) rCq) 

8% o 


(4.51) 


I* or a lii”^ ® or 
structure factor 


chain «i«i 


, S(q) is 


ctoiQ per nnii celi, 


2nn = 2B 

S(q) = ^'ni’ ^ot ^ - 2r_ 


= l,2,3f 
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Thus 


q = 


■KXl 


and S(q) S*(q) = 1 


(4.52) 


Substituting Bq. (4.51) and (4.52) in Bq. (4.50) 


i-i 

^0 


8-(^)= ln(l+ n) 
- l^a V 871 , 1. 

h:. s = l+8(:^) i ln(l+ 5;) 


n^o 


'Tcn 


r e-i 2 ^ lii(l+ ”) 
V- ^ ^3 r rSSM ”■- - ■ - 


n^o 


It ■ 


(4. 53) 


nf»nti( 3 l v®"^» fee represaated fey a chain 
NOW, let the feare potential, ^ , 

n ^ nn +h'i linear chain as shown in Fig.4. 4- 
of 6-functions placed on tht. li ^ 

.p 4 Vi ^ wf'lls is P characteristic of particu or 
The strength of the 6-well ~ 

^ ^ + +v,o qolid. It ccntrins a Coulomfe 
atoms which constitute the soli 

screened feotli fey the core 

ccttitrifeuticn from the nucleu , 

1 other electrons in the Bloch sea. 

electrons and the other 

Thus, 


e— 1 


(x) = -A 6 (x) 


where A is the s 


trengtb of oaoh 6-funotim. 
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Theref orei 


e-i 


(q) = 


T ' -iqx 

f e A5 (x) dx 


= « ^ = (say) = a constant 


Substituting Bq. (4f54) in Eq. (4»53) 


(4.54) 


i-i 

'sc 


A’^r 




n 

* I* nr ,»»« < - f M 


1C 


— 2r 

ln{l+ i) 


(4.55) 


The total cohesive clergy per atom, B, then, consists 
of three parts ; the kinetic energy of the electrons, B^,, the 
Madelmg energy, - (duo to the bare ionic Coulomb poten- 

tials) and the self-consistent screened potential . 
Therefore, 


E 



2r, 


t2. 


TC 


V I n ) 

in(l. i ) 


(4.56) 


Bow, to analyse the effect of an electrostatic field on 
the cohesive energy of the linear chain of atoms given by 
Eq. (4,56), let a chain of charges Q be considered at a 
distance R normal to the linear chain as shown in Fig. 4.13. 
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In 


this case, there is ctie charge per unit cell and 




..«« .rrr, for 0 ]]> 0 

2 ) 


(4.57) 


Therefore, 

e-i 


^0 " 


CO -i qx 

? e dx 


•A*-Qe ] 


NOW, 


/<^ -iqx 


-iqr< 


dx 




= e 


"loo f.^^ + (rg-x)^) 


ia(Vx) 


0 
fwr i 


dx 

2J 


f^R2+(rg-x) I 


-iqr 


ss 6 


C30 


i [ 


s 

ioo 


cos q(r -x)+i sin q(rg-x) 

,, F .n — ' ' - r A- 

V{R" + (rg - 21) 2 J 


i^l^c / COB qt + i sin qt 


- 4De> 


dt 


=: -e 


OO 


+ t^l 

by putting Tg-x 


€30 


= 2 e 


-iqrg / cos qt dt 


-iqy 


s 


= 2 e 


Ko (qR) 
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where is the modified Bessel's functicn, Oherefore, 
e-i 

Vq (q) = -A» - Qe*2 e (qE) 



Vo = -A' [1+-— Q(-l)^ K ( ^1-®) 

A' " 

(4.58) 

Substituting Eq. (4.58) in Eq. (4.53), the modified 
expression for the total cohesive energy in the presence of 
positive charges is given by 



(4.6Q) 



Ill 


vihere. sign is taken for Q > 0 and (-) sign for Q <0, 

and Hie percentage change In the otheslTe energy in the 
pres93.ce of charges 

= (4.61) 

EquatiCtos (4.56) and (4.60) are solved cn a digital computer. 
To simplify the calculation, the Madelung energy term in, 
these equations is ne^ected which will affect ifce percentage 
change in cohesive energy. (Eq. (4. 61) ) by overestimating it 
to some extent. Thus, by taking a suitable value of the 
constant A’, the energy, E is calculated from Eq. (4.56) by 
varying and shown in Table 4.1. The value of r for which 
E is minimum, gives the equilibiluai inter-atomic distance, 
^^s^eq* keeping A'ldiesaima, Sq. 44 . 6 O) is solved for by 
assuming 

R - P* f^s^eq Q = ± Ne 

vhere, p is a constant, say ^,1,2,.... etc, <?nd 
N is an integer, say 1,10,100 etc. 

Then, the percentage change in the cohesive energy due to the 
presence of charges is found from Eq. (4.61). The Tables 4-2 
and 4.3 show the results at A' = 0,1 and 0 . 5 for different 
values ctf R and Q. It is clear that no sigiificant decrease 
in cohesive energy is found in -the region near r^ = ^g) 
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for the volues of R and Q, shown in the table. It is 
concluded, therefore, that the presence of charges has a 
quite small effect cn the bond strengths- of a metallic 
linear chain. Irtily peaking, in a linear chain oil atoms 
are near the ''surface” as seen by the external field. 
Therefore, the effect of an electrostatic field on atomic 
bends of a bulk solid will be even more insignificant, 
since the bulk atoms are effectively screened from the 
external field by the conduction electrons. The external 
field penetrates only a few atomic layers below the surface 
(determined by the skin depth). The results of teiaile 
rupture tests on Al-fc41s in the presence of a field 
(described in the previous chapter) support the theoretical 
findings in the case of a metallic chain. 
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Table 4.1 


rjirti J mr — 'y- 

_ irf^ 'I, «»ll i u»rx v_ .(k Irinwr _» 
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> 
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a' = 0.5 

\ 

? 

' ^ 


xio"^ . .. 


5 





1 

1 

- 1 ! 

50 

! - 0.6a 

- 0.19217 

« 

? 

1 

; 2 

40 

; - 0.882 

- 0 . 23276 

» 

> 

> 

■ 3 

50 

i - 1.034 

- 0.26637 

/ 

" ^ : 

60 

^ - 1.131 

- 0.28835 

i 

■ 5 ! 

70 

i - 1.174 

- 0,297 62 

1 

% 

\ 

] 6 ; 

71 
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72 
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73 
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• 
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74 
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S 

i 
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75 
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f 
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'3 

^ 11 1 

80 

\ - 1.169 

- 0.29552 


^ ? 

] 12 j 

90 

f -,1.129 

- 0.284a 

t 

% 

5 13 
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: - 1.066 

- 0.26853 

s 

1 

' 14 ^ 
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j - 0.911 

1 

- 0.22917 

? 

1 

? 

i \ 

\ v» >»n'% . V X nw 


^ - . ■ 

=■ 

1 

eq 
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5 

> 
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Table 4.2 


Q=100e 

at 

R=148.0 


Q=e 

at 

R=74.0 

Q = e 
at 

R=:57.0 


Q s= e 
at 

R=18.5 


Qk -e 
at 

R=74.0 


Q= -e 
at 

R=37.0 


S.No, 

r in 
s 

Bohr 

radius 

B in 
Rydbergs 


A’ ^0.1 

2 3 






hS/B 

% 

•- «» ir -\ 

4 .IJ -- -1#-- - ' 

/0.S/B 
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AB 
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— 
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k- 1 Jl _ U- " "" 
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. , . „ __ 
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.V5.5_„i,.ii ...P.-2-5A. -1-5., 

-3.65 _ 
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"xl0“5 
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xlO"^ 

1.42 

2,37 3.64 5 .32 _ 7.65 

10.56 _ 

xlO“"^ 

0.450 

0.699 0.976 1.267 1'5^1, 

A / kf ^ 
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-0 . 435 

-0.617 -0.831 -1.082 -1.385 

- 1.750 


Table 4.3 
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EFFECT OF_ELECTROSTATIC FIELD ON ULTRASONIC MACHINING, OF (SiASS 
5,1 Introductljoi 

Broadly, there are two distinct classes of solid 
state mahuf ac turing processes. Deformation processes produce 
the required shape with the necessary mechanical properties 
by plastic def ormati cn. Machining processes produce the 
required shape by removal of selected areas of workpiece in 
the form of small chips. Conventional machining is accompli- 
shed by straining a local region of the workpiece due to the 
relative motion between the tool and the workpiece. 

The recent increase in the use of hard, hi ^-strength, 
and temperature - resistant materials in engineering has 
necessitated the development of new machining techniques 
(generally called the unconventional machining processes) , 
as the conventional machining methods except grinding, are 
not readily applicable to these new materials. Even when 
such machining is possible, it is usually slow, hi^ly in- 
efficient and the degree of accuracy and surface finish 
attainable are poor. 

Ultrasonic machining (USM) is one of the important 
unconventional machining processes and is suitable for 
machining both conducting and non-conducting materials. In 
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TJSM process sliowii in Fig. 5*1 » the material is removed due 
to the mechanical action of abrasive grains. These are 
driven into the work-surface ly a tool oscillating normal 
to the work-surface at frequencies of the order of 20 to 30 
Kc/s with an amplitude of about 0.02 mm. The tool is 
pressed against the workpiece by a load of the order of a 
few kHograms and moves downwards as the machining progresses 
due to the gravitational force. 

Not all the materials are suitable for machining by 
this process. A classification of materials which shows the 
degree of suitability of USM for machining thaa is shown in 
Table 5*1 [31]. The materials are classified into three 
main groups based on the analysis of the deformation and 
fragmentation (shear- failure of a brittle material) of various 
materials during ultrasonic machining. Materials in group I 
undergo practically no plastic deformation in ultrasonic 
machining so that most of the energy applied produces elastic 
strains only. USM is particularly effective for machining 
materials of this group. The groiQ) II includes heat-resis- 
tant alloys, hardened steels and hard-alloys. When these 
materials are ultras cnically machined, liie abrasive grains 
set-up microplastic , as well as elastic deformations, and 
the greater the part played by these plastic deformations, 
the less suitable is the material for ultrasonic machining. 

In the ultrasonic machining of group III materials, almost 
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all the energy of the abrasive grains is expended on micro- 
plastic deformation of the surface layers of a material mth 
practically no -work-hardening. She material hardly fragBmts 
at all and, accordin^y, ultrasonic machining is not recommen- 
ded for materials of this group, 

\ 

The major limitation of the process is its compara- 
tively low material removal rate even when machining materials 
of groi:ip I. Any attempt to iinprove the material removal 
rate associated with this process is, therefore, hi'^ily desi- 
rable and promising fr( 2 D technological view-point. 

One of the possibilities of increasing the material 
removal rate or cutting speed and reducing the tool wear in 
USM is by changing the properties of work material in -the 
■working zone. Based this, a combination of USM and anodic 
etching has been tried when cut-fcing conducting materials, and 
gives a much hi^er cutting speed and lower tool wear than 
USM alone [313. However, this approach of changing the 
properties of work materials has not been tried in -the 
machining of dielectric materials- It is thou^t that when 
machining these materials, the presence of an external electro- 
static field mi^t improve the material removal rate-. The 
experimental investigations reported here are aimed at find- 
ing the effect of presence of such a field on ultrasonic^, 
machining of glass. 
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5«2 physics of Majfcerial Remove in U SM 

In. ultrasonic machining, the vibrating tool acts 
on the abrasive grains in two ways as follows ; 

(i) Abrasive grains are accelerated by the vibrating 
tool and impact against the work-surface. 

(ii) The tool impacts directly on the abrasive grains 

lying on the work surface, forcing or hammering the 
grains into the surface. 

Investigations [32,33] show that the first of these 
processes is relatively unimportant in removing material 
from the work surface and its contribution to material remo- 
val is insignificant. It is -the second process which is 
responsible for material removal by chipping small particles 
off the surface. When a brittle material is machined ultra- 
sonically, the hammering of abrasive particles into its 
surface produces cracks on its surface which cause degrada- 
tion of the strength characteristics and ultimately result 
in fragmentation of surface material. Neglecting dynam.ic 
effects associated with an impact, the hammering of m 
abrasive particle into worksurface may be considered singly 
as an indentation process. The relationship between the 
depth Bf an indentaticai and the force with which an indentor 
is pressed into the surface of a bilttle material is ^own 
in Pig, 5.2, The curve is a broken line consisting of nearly 



122 


strsi^'fc segnien'ts which shows thals the process of fragnenta— 
tion. of a brittle material is disccntinuous [ 313 . 

Indentaticms can he separated into ess«itially two class- 
es - l-Iiose ca-usedhy ‘'hlnnt’*'' indentors and those caused by 
“sharp'* indentors depending on whether the contact is 
governed by elastic or plastic conditions. One of the ear- 
liest studies of indentations by blunt indentors is -diat 
of a spherical indent or pressed against a flat surface. It 
was analysed first by Hertz in 1881 and the elastic stress 
field produced in the material is illustrated by Uie trajec- 
tories in the vertical section throu^ the axis of ssrmmetry 
shown in Fig. 5- 3(a) [34]. The principal stresses near the 
surface are a tensile radial stress a hoop stress 
(not shown in Fig.5*3(a)) which is tensile except immediately 
beneath the indentor where it is compressive, and a compre- 
ssive axial stress cf~. Further below the surface, the direc- 
ti ons of cr^ and change as shown in Fig. 5-5(a)» In general, 

0 ^> < 3*2 > and the maximum tensile stress acts across 

the circle of contact, dropping off rapidly outside the circle. 

A tensile "skin’* layer" consequently exists beyond the 
immediate indentation site, thereby creating hi ^ly favourable 
conditions for crack initiation. At some critical loading, 
the Mastic limit of the material being indented is exceeded 
marked by the sudden development of Hertzian ccne crack. The 
Sequence of events leading to the initiation of Hertzian cone 
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crack in glass surface is shown in Pig. 5 . 3 (b) where a 
spherical indentor is pressed against a brittle surface 
subjecting the surface flaws to tensile stresses (i) , a 
ring crack forms (ii) and grows (iii), (iv) until a cone 
is formed (v); cn unloading, the cone crack tries to close 
but cannot do so because of the debris present in the 
crack (vi) [55]. The problem of indeiting a brittle 
surface by a sphere and the subsequent patterns of crack 
formation, are also of wide interest in the field of 
fracture mechanics and have been extensively studied in 
the recent years [36]. 

In Case of indentation of a brittle material by a 
sharp indentor, ncn-elastic processes (e.g. plastic flow, 
densiftcati on) at the indentor site become important. Pig. 
5.4(a) shows an indentation scar when a conical indentor 
(with an included an^e of 60°-90° to avoid cracking) is 
pressed into a brittle surface. In this case, the edges 
of the scar are flat, the an^e a at the base of the scar 
is equal to the cone tip an^e, and the much greater an^e p 
is the natural shear angle which is independent of the depth 
of indentation or the cone tip an^e. Further, there is no 
accumulation of plastically deforming material arcwnd the 
edges of the indentation as in the case of indentatLcn of a 
ductile metal as shown in Pig. 5.4(b). The sequence of 
events leading to cracking under a sharp indentor is shown 



(a) Indentation of a brittle body 
"by a conical indentor 


(b) Indentation of a dxustile bod 
by a conical indentor 


Cc) Sequence of crack formation 
in conical indentation 


— - — - _ •brittle body 

no. 5.4 
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schsnia.'tx cally in Fig* 5«4(c)* Two sets of cracks axs 
formed in this case. ’’Median" or ’’radial’’ cracks 
form as semi-circles perpendicular to the surface and 
’’lateral’’ cracks initiate below the deformation zone, 
then grow in the outward and upward directions, until 
they reach the surface. Referring to Pig. 5.4(c), (i) 
the material under the indentor is stressed (dark area), 
(ii), (iii) sub-surface flaws grow to form median cracks, 
(iv) during unloading lateral cracks form and (v),(vi) 
expand and grow to the surface. The radial cracks cause 
strength degra-daticm, while the lateral cracks are respon- 
sible for the loss of material (fragaentaticn) [35»37]. 

The abrasive grains used in USM process are 
mainly crystals of irregular shape and size and have both 
sharp tips and flat faces. In practice, the sharp tips 
of an abrasive grain are blunted on impact by the tool. 

The bltmted tips impart the grains the necessary mechanical 
strength rec^uired for causing deformatLcn of work— surface 
material. To a first approximation, the blxmting of 
abrasive grains may be considered spherical and 1±ie sharp- 
ness of grain characterised by Ihe radius of curvature of 
the sphere. The smaller the radius of curvature of a grain 
pressed into the workpiece, the greater the stress concen- 
tration around it and, therefore, the greater its effective- 


ness. 
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The studies of USM process by using hi^ speed, cine- 
matographic techniques show that not only the sharp tips 
but the flat faces of the abrasive grains also act on the 
work surface leading to its fragnentati cn. The mode of 
fragmentation may be approximated to that in case of a 
cylinder pressed against a flat surface as shown in Fig. 

5»4(d) [ 31 ] • As the load on the cylinder is increased, 
the stresses in the material under the base of the cylinder 
increase but the compressive stress (pressure) around the 
periphery is much higher than under the remainder of the 
plane of indentation. Therefore, shear failure occurs 
first around the periphery of the cylinder as soon as Ihe 
stress in this regLon equals the fracture stress. This 
pattern of failure is similar to that of a wedge-shagped 
indentation around the periphery of the cylinder. This 
region of failure is designated as the zone I of initial 
shear as shown in Pig. 5*4(d). As the load is further 
increased, the stresses in the material under the base of 
the cylinder increase. As soon as the stresses on the aris 
of the cylinder attain the ultimate value, failure occurs 
at the natural shear angie p. This is designated as zone II 
of general shear as shown in the figure. 

Since the abrasive grains have both cmical tips 
and flat faces, the mode of fragmentation of a brittle work- 
material in USM follows the patterns shown in Pig. 5.4(a) and (d) 
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However, it is still not clear which of these two models 
is more accurate. Their relative importance may depend on 
the properties and size of the abrasive, the amplitude of 
tool vibration and the properties of worlspiece material. 

Further, since the abrasive grains are irregular 
in shape and non-uniform in size, the force due to the 
impact of the tool is not distributed uniformly between 
all the grains but acts only on individual grains whose 
tips are at the mstximum height (from the work— surface) • The 
ffrce on the grains, in general, may be resolved into 
components normal and tangential to the worksurface. The 
normal force causes the grain to indent the work material 
and the tangential component scratches the surface. There- 
fore, a better model of the mechanism of fragmentati cn of 
surface material in ultrasonic machining, can be obtained 
by super imposing a tangential force component on the 
indentors of the models considered above in Figs. 5.4(a) 
and (d) . 

5.3 Mechan ics of USM process 

In USM, the material is removed due to the mechani- 
cal action of abrasive grains on the worksurface. The impact 
of tool on abrasive grains produces local hi^ instantaneous 
stresses in the surface of the material which cause frag- 
mentation of surface material. The rate of material removal. 



129 


in general, depends «, the phyalcii and meohanioal proper- 
ties Of the workpiece, the atrasiva ^^ed. the amplitude 
and frequency of tod vibration, the ocncentratiai of abra- 
sive slurry and the static force eppUea to the tod. Many 
research workers have studied the neohanics of material 
removal in USK. Based ® certain assumpticns, theoretical 
relatlcns have be® developed for estimating the rate of 
material removal- 

Shaw [38] coisidered the process of material 
rein oval in ultrasonic machining -to pake place mainly by two 
mechanisms : 

(i) The abrasive grains are l^y vibrating 

tool and thrown onto the vorkptece. 

(ii) The abrasive grains are hammerg^ into the worksurface 
in a chisel-like action. 

All the abrasive grains are considered to be 
spheres of diameter 'd' which hit or indent the work surface 
and g^erate a crater or indentation as shown in Pig. 5»5(a). 
When the depth of penetration is sufficient to cause rupture, 
it is assumed that a particle haring g, volume ^proocimatriy 
proportional to the size of the indentation is chipped off. 
The volume rate of material remcval is calculated cn the 
basis of two mechanisms outlined above and it is shown that 
the thrown- abrasive mechanism accounts for (as already 
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menticned) only an insignificant percentage of the total 
material removed. Thus, ■Qie major portion of the material 
removed is contrihuted by the hammering mechanism. 

Miller [39] proposed that during machining of a 
ductile material, the abrasive particles imbedded in the work- 
surface cause plastic deformation and work-hardening. The 
work-hardened material is subsequeitly removed by chipping. 

In case of brittle materials, the chipping without plastic 
deformatim causes material removal and the rate of removal 
depends on the size of the chips. An expressicn for material 
removal rate is obtained on the assumptioa that the abrasive 
particles are cubic in shape. 

Shaw’s and Miller's analyses are approximate as they 
are based on certain simplified assumption. Both are simple 
to use for estimating the rate of material removal. 

The analysis proposed by Kazantsev [40] ^so assumes 
that material is removed by brittle fracture. The abrasive 
grits are assumed to be of irregular shape and their size 
distribution is taken into account in ihe expression for 
material removal rate. The model on which the analysis is 
based is shown in Pig. 5.5(b), When the tool comes down to 
its lowest point, it causes some grains to penetrate both 
the tool and the work swface. The volume of material taken 
away by an abrasive particle is a function of p®aetraticn 
(z-x). The analysis is more resl-istic in comparison to other 
analyses but very cumbersome to use. 
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5,4 


Experimental Investigations 

klF_ ir\_ ^ - k KV 


The objective of the experimental investigations, 
as already pointed out, is to determine the effect of an 
electrostatic field, if any, on the rate of machining of a 
dielectric material. Glass, because of its brittleness is 
found to be a very suitable material for machining ultra- 
sonically. At the same time, it is cheap, easily available 
and possesses good dielectric properties. Therefore, ^ass 
is machined ultras onically to conduct tests to determine 
the effect of an applied electrostatic field on the rate of 
material removal. As pointed out earlier, the hammering of 
abrasive particles into the work-surface causes formation 
of cracks. The cracks grow and propagate in the sub-surface 
re^on and ultimately cause fragmentation (chipping) of 
surface material. It is expected that the application of a * 
suitable electrostatic field might either cause an increase 
in the depth of indentation due to a reduction in the hard- 
ness of the surface layer or a decrease in the stress required 
to chip a particle off the surface. It is also possible that 
both these effects appear simultaneously. Each of these 
effects is likely to enhance the rate of material removal. 


5.4.1 Experimental Details 

The ultrasonic machining tests are performed cn micro- 
^ass slides purchased from the local market. These slides 
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are normally, used for pathological examl nations of hlood, 
stool etc. in hospitals and clinics. Each slide is roughly 
75 niffl long, 25 mm wide and approximately 1.5 mm thick. The 
slides are cut into three pieces of approximately equal 
length and these pieces are used as test specimens. For 
applying the field during machining, the specimen is prepared 
as follows : 

A rectangular Al-foil strip of size 20 mm x 20 mm x 0.04 
ram is pasted on one face of the ^ass specimen by quick-fix 
adhesive. A suitable wire is provided for connecting ihe 
strip to a hi^ voltage terminal as shown in Fig. 5, 6(a). 

The exposed surface of the Al-strip is now covered with 
araldite to give a thick layer of insulation over it. The 
araldite is allowed to dry and set for 24 hours- The insula- 
obtained thus, gives a resistance of about 100-300 mega-ohms. 
About forty specimens are prepared in this fashicn for per- 
forming tests on them in the presence of a field. When 
machining without a field, specimens cut from the slides are 
used directly. 

For machining a specimen, it is held in a box-type 
fixture made of perspex as shown in Fig. 5.6(b). The fixture 
has a shallow rectangular cavity into which the specimoi is 
placed and then, covered by a closely fitting lid having a 
hole in the centre. The fixture is fixed to the table of 
the ultrasonic machine by bolts and levers so -that the tool 
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can pass throu^ the central hole in the lid ra.thout any 
interference. The tool, a solid circular cylinder of 5.0 
mm diameter, is then brought do-wn to touch the work-surface 
by suitably adjusting the counter~ weights. The reading of 
the gage, indicating travel of Ihe tool during machining, 
is set to zero. The gage is divided into 100 divisions, 
each division representing 0.001 inch of travel. 

The araldite coated specimen, after it has been mounted 
in the fixture, is connected to the positive terminal of a 
high voltage d.c. supply (0-5 KV) through a microammeter and 
a resistance of 0.3 mega-ohm as shown in Pig. 5.7(a). The 
other terminal of the supply is connected to the tool. 

The abrasive used for cutting is silicon carbide (SiC) 
of mesh size 220. Pour hundred grams of this abrasive powder 
are mixed in two litres of tap water, resulting in an abra- 
sive-water ratio of 1; 5 by weight. 

To take a cut,1iie machine is started by first switching 
on the circulaticn of slurry and then exciting the tool at a 
frequency of 25 KHz. A load of 0,5 lb. is removed from the 
counter- weight pan to give a static load of the same amount. 
As the cutting starts, the movenent of the tool into the 
work surface is indicated on the dial gage fixed oa the 
machine head. Two stop-watches are used for recording the 
durations of time required for cuts I and II as shown in 
Pig. 5.7(b). The watches are started when the gage-pointer 
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("b) The two depths of cut 


I 



(a) The specjbnen ready for machining 


PIG. 5.7 EIAGaiM ILLUSTRATING THE MACHINING IN THE EBESEKGB OP THE FIELD. 
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reads 5th and 20th divisions (marked on the dial gage) 
respectively and stopped simultaneously when the pointer 
shows 35th division. Thus» the time required for cuts I 
and II is recorded. The observations are takoa both with- 
out and in the presence of an electrostatic field. 
Generally, three to four cuts axe made on a sin^e specimen 
and the specimens without and with field (T = 5.0 K7) are 
machined alternately to minimize the influence of any 
chance variation in the process on the observaticaas taken. 
Later, the observations are taken by applying voltages of 
3-5 and 2.0 EV across the terminals. The observations axe 
recorded in Table 5.2. 

5. 4. 2 Results ?ffid Discussi cai 

Prom the data in Table 5*2, average values of the 
time required for the tw'O cuts I and II are calculated at 
various intensities of the field applied during investiga- 
tions. Prom these average values, the percent changes in 
the cutting times due to ihe presence of various fields axe 
calculated and shown in Table 5.3* It is obvious that the 
time of cut is reduced significantly in the presence of a 
field. Generally, the reduction in cutting time in the 
presence of electric fields (corresponding to impressed 
voltages of 2.0 to 5.0 K7) is between 10 to 20 percent. 
However, the effect is always more in the case of cut II 



Table 5*2 


The time of cut measured in seconds for ihe cuts I and II 
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62.5 

25.9 

4 

72.0 

37.2 

69,5 

31.0 

70.2 

30.8 

65.2 

28.0 

5 

71.9 

37.0 

67.1 

27.3 

70.8 

25.4 

64.5 

29.5 

6 

76.0 

28.7 

74.2 

27.2 

64.9 

33.3 

63.6 

27.5 

7 

72.4 

34.0 

7 2.8 

27.2 

71.1 

30.8 

72.3 

29.1 

8 

75.8 

46.7 

73.5 

33.7 

65.7 

34.6 

63.3 

23.8 

9 

58.0 

28.9 

64.1 

27.3 

72.2 

31.6 

65.0 

28.7 

10 

74.0 

35.2 

78.1 

27.9 

67.4 

25.0 

65.0 

25.5 

11 

70.5 

32.5 

65.2 

27.5 

66.5 

26,7 

67.0 

28.1 

12 

71.1 

36.0 

85.4 

35.5 

SL.O 

39.8 

60,7 

a. 8 

13 

68.8 

36.6 

79.4 

32.1 

80.6 

34.9 

69.7 

36.8 

14 

67.7 

32.8 

78.2 

30.0 

75.6 

31.6 

69.6 

33.5 

15 

90.8 

38.5 

75.9 

29.0 

83.4 

37.0 

57.9 

29.9 

16 

77.5 

34.0 

81.5 

28.4 

62.7 

31.6 


— 

17 

83.5 

37.6 

75.5 

32.9 

74.3 

36.6 

— 


18 

74.0 

25.3 

77.7 

26.5 

81.6 

26.6 

— 


19 

97-2 

43.3 

78,3 

26.5 

— 

... 



20 

87.9 

32.1 

78.0 

26.5 




rat. 

21 

75.9 

31.5 

76.3 

31.9 


— 



22 

78.5 

34.9 

82.5 

29. 2 

— 




23 

83.6 

36.8 

75.4 

29.2 



— 

— 

24 

77.2 

33.5 

84.7 

29.5 

— 

— 

— 

— 

25 

73.8 

27.6 





n» 


26 

83.8 

38.1 

— 

— 


— 



27 

77.4 

30.4 

— 

— 

— 

— 


— 

28 

87,2 

37.1 

— 

— 





29 

81,6 

44.9 


— 



— 


30 

77.7 

45.4 

— 

— 





31 

78.6 

40.7 


— 


— 


- 

32 

73.3 

33.5 

- 

— 


- 

- 

- 


i 1 V M ^ 



k 1V rv -1 

rant 1 k t 

ra tn tk # V V 

»«1 1 

_lk 1 H V 

Total 

2444.5 1126.8 1799.3 708.1 1260.4 

571.8 

974.4 

420 .8 

Average 

76.4 

35.21 

74.SF7 

29.50 

7a03 

31.76 

64»96 

28.05 
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Table 5.3 

Precent reducticn in the time of cut in the presence 
of a field. 


Cut I Cut II 


D.C. 0.0 Y 5.0 ISY 3.5 KY 2,0 KY 0.0 Y 5.0 KY 3.5 KY 2.0 M 

Y olta^e 
appll ed 

« “KiViJL.iX in TI WX. - - \ . rr _ X _r 


Average 76.4 74.97 70,03 

time of 

cut 

64.96 35. 

21 29. 50 

31.76 28.05 

- _ w - » *.1 - 

Reduc- - 1.87 8.35 

tion in 
p eroent 

15.0 

n. a X \ xi $ X 

16. 2 

9.79 20.3 

Table 5.5 



A summary analysis 

of variance 

table 


Sources of Yariation 

d.f. 

^ H »» - Ji » » 

SS 

MS 

Between machining with and 
without field 

1 

305.02 

305.02 

Within machining with or 
without field 

46 

653.87 

14. a 

Total 

V \ , i r# Wi. \ \r 4 ^ r»r iv_ A nniapa- _ 

47 

.1 i ^ %ur ^ 

958.91 

%r t H r U . 11 .IMpr 

1 . ^ ' 1 » 
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which is taken at a depth of 0.02 inch below the work surface. 
This shows that as the tool penetrates deeper into the work- 
material » the rate of tool penetraticn is enhanced due to 
the presence of a field. This enhancement of the rate of tool 
penetration is considered to be very important by the author 
because of the fact that the tool penetration rate is known 
to decrease > 7 ith the increase in the depth of cut 'vdien machi- 
ning without a field. The increase in the tool penetration 
rate may occur due to the effect of increasing field intensity 
caused by the decreasing thickness of the dielectric in the 
gap'bstwsen the two electrodes, tool (negative) and Al-foil 
at the base of the ^ass specimen (positive), as the cut 
progresses. The percent reducticns in the cutting time do 
not show a linear variation with the impressed voltages. 

But it is felt that a sufficiently large number of observa- 
tiois are to be taken at every applied voltage to show 
convincin^y how the effect of fi^d cn cutting time varies 
with the applied voltage. The author could not do so because 
of the shortage of time. 

The relative frequency distributions of the time required 
for the two cuts are calculated and shown in Table 5*4 and 
plotted in Fig. -5.8. Under the influence of the applied 
fields, the frequency distribution curves show a shift towards 
the left in case of both the cuts. However, the effect on 
frequency distribution cur’vesis more clear and well-defined 
in the case of cut II as shown in Fig. 5-8. 
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Table- 5.4 


Frequency distributions of the time of cut 


i. 

’1 

< 

irx - M ^ 

D.C. Voltage ; 
appli ed ? 


1 . s wn \ . r 

0.0 7 

> r ^ w < t fjr rt 

! 5.0 EV 1 3. 

i _._j 

5 EV ' 

> - X . « r V X. - 

2.0 EV 


? 

X 

"time-range ^ 

no. of ' rel. 

5 ' : i 

, 

{n)I 



c 


seconds 

obs. 

(n); freq.(f) 

? (ny it) , (n)l 

~ f 

(f) : 

(f) 


y 

■f 


55.1-60.0 i 

1 

? 0.031 

! 0 ;0.0 ] l\ 

0 .0 55 : 

1 i 

0.0 67 

< 

< 

: 

60.1-65.0 i 

0 

iO.O 

i 2 ‘0.0S3t -4 • 

0.222! 

9 i 

o.eoo 


i 

5 

65.1-70.0 : 

4 

; 0.125 

e 4 5 0.l67i 3 • 

0.167 = 

4 : 

0.267 

! 



70.1-75.0 ; 

10 

::o.3i2 

: 3:0.1252 S{ 

0.333 r 

1 i 

0.0 67 


1 M 

4 

75.1-80.0 

9 

f 0. 282 

i 11 2 0.458: 1 ; 

0.055 ' 

0 s 

0.0 

i 


: 

80.1-85.0 ^ 

4 

: 0.125 

? 3:0.125; 3f 

0.167 = 

0 1 

0.0 




•85.1-90.0 

2 

■ 0.062 

1 1 < 0.042; 0 iO.O 

0 I 

0.0 


' -P 
* JS 

< 

■90.1-95.0 ; 

1 

0.031 

H 0 ^ 0.0 : 0 5 

0.0 ' 

0 1 

0.0 

r 

i ^ 


'95.1-100.0 : 

1 

5 0.031 

: 0 : 0.0 . 0 ; 
: ; •: 1 

0.0 i 

0 

0.0 


- 

^ * ~ 

- — — -- 



■ 

; X. . . ' * ' 

r /vnr -pt 





\ 




I - 1 





£ 


Total No. of : 

32 

i 

1 24 :18 f 


15 ’ 




I 

obs. ; 


1 ' 

1 



\ 

i 

« 

i 

. 



^ i 

^ 

^ T fi MW 



1 

!o.C67 

1 

> 

< 


20.1-23.0 ! 

0 

^0.0 

; 0 lo.o j 0 

1 ■ m 

:o.o 1 

1 

s 

? 

23.1-26.0 

1 

; 0.031 

0 :0.o 12 

; 0.111 ! 

4 

10.267 

, 

■ 


26.1-29.0 ;■ 

4 

10.725 

‘12 iO.50 , 2 

‘0.111 ; 

5 

0.333 

i 

5 


29.1-32.0 ; 

3 

:0.094 

: 7 '0.292! 6 

jo.333 ! 

3 

,0.2CC 


i M 

/ 

32.1-35.0 f 

8 

<0. 250 

: 4 i0.l67- 5 

;0.278 = 

1 

,0.067 


1 

35.1-38.0 : 

9 

:0. 282 

j 1 ?0.042;. 2 

,0.111 5 

1 

’0,067 

1 


• 

38.1-41.0 ; 

3 

i 0.094 

; 0 lo.o ; 1 

0.055 ; 

0 

•0.0 

1 

5 

. 43 

i 

41.1-44.0 i 

1 

: 0.031 

’ 0 io.o ! 0 

0.0 

0 

lo.c 

5 

, 0 

<«» 

44.1-47.0 i 

/ 

. ;• > — '-1 

3 

1 i 

’0.094 

i 

1 0 :o.o i 0 

- ; t 

] \ ! 

jO.o ; 

i 

i 

0 

io.o 

I 

} 

5 

k 



i 

i 


-j - 

1 ' 


i 

! 

\ 



Total N 0. of : 

32 


!24 ! .IB 

{ ; 

15 

j 

\ 

j 

: 

; 

obs. : 


i 

i ; i 



! 


1 kT n n T in 




»«- if 




(b) Eelative frequency (f) VS. Cutting time for the II cut. |I 
* ■ FIG, 5.8 FHE^OEHCY mSTRIhUl'lOH CURVES 
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The imprcwement in the rate of cutting when machining 
glass in the presence of an electrostatic field, is consi- 
dered to be the consequence of polarizatioa of the work 
material which affects its mechanical properties. However, 
the field may also have an affect on the concentration of 
abrasive particles (silicon carbide) in the working zone. 

It is to be noted that the fi^d in the gap betweai the 
tool and the workpiece is uniform in the central reglcn but 
non-uniform near the edges of the tool. A body carrying a 
charge when placed in an electric field experiences a force 
which causes its motion and this phenomenon is known as 
electrophoresis. On the other hand, if a neutral (carrying 
no charge), polarizable body is placed in a ncn-uniform 
electric field, it also experiences a force and undergoes 
translational motion and this effect is known as dielectro- 
phoresis. In Pig. 5.9, a charged and a neutral body are 
shown in a ncn-uniform electric field. The charged body is 
pulled towards the electrode of opposite charge as in case 
of a uniform electric field. On the other hand, 1he neutral 
body acquires, in effect, a negative charge on the side 
nearest the positive electrode and a positive charge on that 
side nearer the negative electrode. Since the body is over- 
all neutral, the two effective charges are, in fact, equal. 
The extemall y appli ed electric field being ncn-uniform, 
diverges across the particle snd produces unequal forces on 
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the two effective charges. Ihe net effect is an overall 
force cn the neutral hody which impels it into the regicn 
of stronger field (i.e. toward the ’'sharper’’ electrode 
where the field is more intense). It is to be noted that 
force on the neutral, polarizable body due to the ncn- 
uniform electric field is in the same direction no matter 
which electrode is po^tive or negative [18]. 

In Case of ultrasonic machining of ^ass, the electric 
field existing in the gap between the tool and workpiece 
is shown in Pig. 5.10. The silicon carbide abrasive 
particles (suspended in water) cn entering the field zcxie 
may get polarized and thus subjected to forces due to 
di electrophoretic effects. The force on an abrasive particle 
will depend directly cn its volume (v) , its polarizability 
(a) and the square of the electric field intensity (e^ and 
is given by 


P = -i- V ot 

However, since the abrasive particles are continuously 
in motion due to a continuous supply of the slurry, their 
inertia forces are considered to be large in comparison with 
the forces due to the field. Therefore, it is assumed that 
the field does not have any significant influence on the 
concentration of abrasive particles in the working zcne. 
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Thus, the improvement in the rate of cutting is solely due 
to the polarizaticn of the work material. 

5.4r3 Analysis of Variance of Test Data 

t t t »t i\rjr 

The observations in Table 5.2 can be analysed 
statistically to show that the variation exhibited by the 
observations is not due to chance alone but because of the 
presence of an electrostatic field. Por this purpose, the 
analysis of variance technique is applied to the data in 
columns (3)* and (5) of Table 5.2 on 1±ie assumption of a 
completely randomized one-variable design. The results of 
the analysis of variance [41] are shown in Table 5.5 (p.l39). 

The null hypotheses to be tested is 

; average cutting time for cut II without field 
= average cutting time for cut II with field 
and "Ole test is at an a = 0.025 significance level. 

The mean square (MS) represent two independent, 
chi-square distributed, unbiased estimates of the popula- 
tion (observations) variance ^en is true. Their 
ratio is P-distrLbuted with 1 and 46 degrees of freedom 
(d.f.). If Hq is true, by chance alone this P-ratio is 
expected to exceed ^*0 025 1 46 ~ 57 only 2,5% of the time. 

* only first 24 values are considered from column (3). 
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Since, 


^05.02 ^ 21.45 > 5.37 

14. a 


the hypotheses is rejected. 

The oaidusiCK is that the presence of a field does 
affect the process of nltrasoaic machining of a dideotrlc 

materials 
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CHAPTER 6 

CQHCLUSICHS AND SCOPE FOR PUOHRE NORK 

From the theoretical analyses and the experimental 

results, the following major conclusions can be drawn : 

1. In molecular systems, the presence of an external 
electrostatic field leads to a redistribution of the 
bonding electron charges. The net overlap charge which 
is a measure of the bonding is always found to decrease 
in the presence of a field. The maximum fractional 
decrease in the overlap charge is 0,28 in case of H^-ion. 

2. Since in case of dielectric materials, the electrostatic 
field penetrates into the bulk, the overlap charge is 
reduced leading to a weakening of the atomic bonds. The 
results of tmsile rupture tests on aluminised mylar 
and macrofol specimens show a decrease in the rupture 
strength of the order of 5 to 15% . 

3. In metals, the field is screened by the conducticn elec- 
trons and therefore, the effect of field on baading is 
negligible except perhaps on the surface- The results 

I 

of tensile rupture tests on Al-foll specimens are in 
agreement with the theoretical predictions. 

4. The manufacturing processes predominantly dependent on 
brittle fracture, like ultrasonic machining, are enhanced 
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^en cutting di^ectric materials in the presence of 
suitable electrostatic fields. Thus, the rate of 
material removal during ultrasonic machining can be 
increased by applying an electrostatic field of suffi- 
cient intensity. 

5. The results of the wear experiments on macrofol speci- 
mens do not indicate any significant change in the wear 
rate due to the field. This is, perhaps, due to the 
fact that direct rupture does not play a significant 
role in the process of wear of such materials. 

The esperi meats conducted cn ultras oaiic machining 
with electrostatic fields appear to be quite encouraging 
allliou^ hi^er intensities of field could not be applied 
because of limitations of hi^ voltage d.c. supply. An 
extensive experimental work could be taken up by the 
future research workers to make an ^aborate study of 
ultrasonic machining in the presence of electrostatic 
fields. Apart from this, the effect of field <3x other 
manufacturing processes could also be taken up. 

The techniques for generating intuasc localised 
electrostatic fields should also be developed for easy 
application. In case such techru-ques are already exist- 
ing, their adaptability to this kind of experiments has 
to be developed- 
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Over raid above, the theory of the effect of electro- 
static fields on the bonding of realistic models of materials 
and surfaces needs to he developed. 
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